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The	 ﾠ majority	 ﾠ of	 ﾠ the	 ﾠ most	 ﾠ successful	 ﾠ optical	 ﾠ modulators	 ﾠ in	 ﾠ silicon	 ﾠ demonstrated	 ﾠ in	 ﾠ recent	 ﾠ years	 ﾠ
operate	 ﾠvia	 ﾠthe	 ﾠplasma	 ﾠdispersion	 ﾠeffect	 ﾠand	 ﾠare	 ﾠmore	 ﾠspecifically	 ﾠbased	 ﾠupon	 ﾠfree	 ﾠcarrier	 ﾠdepletion	 ﾠ
in	 ﾠa	 ﾠsilicon	 ﾠrib	 ﾠwaveguide.	 ﾠIn	 ﾠthis	 ﾠwork	 ﾠwe	 ﾠoverview	 ﾠthe	 ﾠdifferent	 ﾠtypes	 ﾠof	 ﾠfree	 ﾠcarrier	 ﾠdepletion	 ﾠtype	 ﾠ
optical	 ﾠmodulators	 ﾠin	 ﾠsilicon.	 ﾠA	 ﾠsummary	 ﾠof	 ﾠsome	 ﾠrecent	 ﾠexample	 ﾠdevices	 ﾠfor	 ﾠeach	 ﾠconfiguration	 ﾠis	 ﾠ
then	 ﾠpresented	 ﾠtogether	 ﾠwith	 ﾠthe	 ﾠperformance	 ﾠthat	 ﾠthey	 ﾠhave	 ﾠachieved.	 ﾠFinally	 ﾠan	 ﾠinsight	 ﾠinto	 ﾠsome	 ﾠ
current	 ﾠresearch	 ﾠtrends	 ﾠinvolving	 ﾠsilicon	 ﾠbased	 ﾠoptical	 ﾠmodulators	 ﾠis	 ﾠprovided	 ﾠincluding	 ﾠintegration,	 ﾠ




1.  Introduction	 ﾠ	 ﾠ 	 ﾠ
The	 ﾠperformance	 ﾠof	 ﾠsilicon	 ﾠoptical	 ﾠmodulators	 ﾠhas	 ﾠimproved	 ﾠdramatically	 ﾠin	 ﾠrecent	 ﾠyears,	 ﾠcoinciding	 ﾠ
with	 ﾠsignificant	 ﾠresearch	 ﾠeffort	 ﾠfrom	 ﾠboth	 ﾠacademia	 ﾠand	 ﾠcommercial	 ﾠorganisations	 ﾠworldwide.	 ﾠThe	 ﾠ
motivation	 ﾠ for	 ﾠ developing	 ﾠ high	 ﾠ performance	 ﾠ optical	 ﾠ modulators	 ﾠ in	 ﾠ silicon	 ﾠ is	 ﾠ clear.	 ﾠ The	 ﾠ optical	 ﾠ
modulator	 ﾠ is	 ﾠ central	 ﾠ to	 ﾠ the	 ﾠ majority	 ﾠ of	 ﾠ photonics	 ﾠ systems	 ﾠ for	 ﾠ datacom	 ﾠ applications	 ﾠ and	 ﾠ silicon	 ﾠ
photonics	 ﾠ provides	 ﾠ a	 ﾠ low	 ﾠ cost	 ﾠ platform	 ﾠ in	 ﾠ which	 ﾠ to	 ﾠ form	 ﾠ these	 ﾠ systems,	 ﾠ making	 ﾠ optical	 ﾠ based	 ﾠ
communication	 ﾠ feasible	 ﾠ for	 ﾠ a	 ﾠ number	 ﾠ of	 ﾠ short	 ﾠ reach	 ﾠ links.	 ﾠ Various	 ﾠ mechanisms	 ﾠ for	 ﾠ achieving	 ﾠ
modulation	 ﾠin	 ﾠsilicon	 ﾠhave	 ﾠbeen	 ﾠinvestigated	 ﾠthroughout	 ﾠthe	 ﾠyears.	 ﾠ Excellent	 ﾠprogress	 ﾠhas	 ﾠbeen	 ﾠ
made	 ﾠin	 ﾠhybrid	 ﾠdevices	 ﾠwhere	 ﾠother	 ﾠmaterials	 ﾠare	 ﾠincorporated	 ﾠwith	 ﾠthe	 ﾠSOI	 ﾠwaveguides	 ﾠto	 ﾠachieve	 ﾠ



















This	 ﾠ review	 ﾠ will	 ﾠ however	 ﾠ focus	 ﾠ on	 ﾠ devices	 ﾠ based	 ﾠ upon	 ﾠ the	 ﾠ plasma	 ﾠ dispersion	 ﾠ effect	 ﾠ and	 ﾠ more	 ﾠ
specifically	 ﾠthose	 ﾠusing	 ﾠcarrier	 ﾠdepletion.	 ﾠPlasma	 ﾠdispersion	 ﾠeffect	 ﾠdevices	 ﾠare	 ﾠattractive	 ﾠas	 ﾠthey	 ﾠcan	 ﾠ
be	 ﾠformed	 ﾠusing	 ﾠCMOS	 ﾠlike	 ﾠprocesses	 ﾠmaking	 ﾠtheir	 ﾠintegration	 ﾠinto	 ﾠsuch	 ﾠfabrication	 ﾠfacilities	 ﾠmore	 ﾠ
straightforward.	 ﾠEmploying	 ﾠcarrier	 ﾠdepletion	 ﾠas	 ﾠthe	 ﾠmechanism	 ﾠto	 ﾠelectrically	 ﾠmodulate	 ﾠfree	 ﾠcarrier	 ﾠ


































59	 ﾠwe	 ﾠwill	 ﾠlook	 ﾠmore	 ﾠinto	 ﾠthe	 ﾠprogress	 ﾠof	 ﾠtheir	 ﾠintegration	 ﾠwith	 ﾠother	 ﾠcomponents.	 ﾠ
	 ﾠ
2.  Performance	 ﾠmetrics	 ﾠ
It	 ﾠis	 ﾠuseful	 ﾠto	 ﾠstart	 ﾠby	 ﾠconsidering	 ﾠthe	 ﾠdifferent	 ﾠperformance	 ﾠmetrics	 ﾠby	 ﾠwhich	 ﾠthe	 ﾠdevices	 ﾠcan	 ﾠbe	 ﾠ
assessed.	 ﾠFor	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠthere	 ﾠare	 ﾠfour	 ﾠcore	 ﾠmetrics:	 ﾠthe	 ﾠoptical	 ﾠloss	 ﾠand	 ﾠcapacitance	 ﾠper	 ﾠ
unit	 ﾠlength,	 ﾠthe	 ﾠphase	 ﾠefficiency	 ﾠand	 ﾠthe	 ﾠspeed.	 ﾠDesign	 ﾠchoices	 ﾠover	 ﾠthe	 ﾠpassive	 ﾠstructure	 ﾠused	 ﾠto	 ﾠ
house	 ﾠthe	 ﾠphase	 ﾠmodulator,	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠlength	 ﾠand	 ﾠthe	 ﾠdrive	 ﾠvoltage	 ﾠthen	 ﾠdictate	 ﾠwhat	 ﾠthe	 ﾠ
overall	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠmodulator	 ﾠwill	 ﾠbe.	 ﾠFor	 ﾠexample	 ﾠfor	 ﾠa	 ﾠMach-ﾭ‐Zehnder	 ﾠmodulator,	 ﾠthe	 ﾠuse	 ﾠ
of	 ﾠa	 ﾠshort	 ﾠphase	 ﾠmodulator	 ﾠand	 ﾠa	 ﾠlow	 ﾠdrive	 ﾠvoltage	 ﾠwill	 ﾠresult	 ﾠin	 ﾠlow	 ﾠoptical	 ﾠloss	 ﾠand	 ﾠlow	 ﾠpower	 ﾠ
consumption.	 ﾠHowever,	 ﾠthe	 ﾠextinction	 ﾠratio	 ﾠachieved	 ﾠwill	 ﾠbe	 ﾠlower.	 ﾠConversely,	 ﾠif	 ﾠa	 ﾠlarger	 ﾠextinction	 ﾠ
ratio	 ﾠis	 ﾠrequired	 ﾠeither	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠlength	 ﾠor	 ﾠthe	 ﾠdrive	 ﾠvoltage	 ﾠcan	 ﾠbe	 ﾠincreased	 ﾠ(or	 ﾠa	 ﾠ
combination	 ﾠof	 ﾠboth),	 ﾠalthough	 ﾠthis	 ﾠwill	 ﾠresult	 ﾠin	 ﾠan	 ﾠincrease	 ﾠin	 ﾠoptical	 ﾠloss	 ﾠor	 ﾠpower	 ﾠconsumption	 ﾠ
respectively.	 ﾠThe	 ﾠdifferent	 ﾠperformance	 ﾠmetrics	 ﾠfor	 ﾠthe	 ﾠoverall	 ﾠmodulator	 ﾠstructure	 ﾠare	 ﾠlisted	 ﾠbelow	 ﾠ
with	 ﾠdescription.	 ﾠ	 ﾠ
Modulator	 ﾠdrive	 ﾠvoltage/power	 ﾠconsumption	 ﾠ–	 ﾠThe	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠis	 ﾠan	 ﾠimportant	 ﾠ
metric	 ﾠ to	 ﾠ consider	 ﾠ particularly	 ﾠ in	 ﾠ applications	 ﾠ which	 ﾠ have	 ﾠ multiple	 ﾠ short-ﾭ‐reach	 ﾠ channels.	 ﾠ The	 ﾠ
convention	 ﾠwith	 ﾠsilicon	 ﾠoptical	 ﾠmodulators	 ﾠis	 ﾠto	 ﾠreport	 ﾠthe	 ﾠpower	 ﾠconsumption	 ﾠin	 ﾠunits	 ﾠof	 ﾠenergy	 ﾠ
consumed	 ﾠper	 ﾠbit	 ﾠof	 ﾠdata.	 ﾠThe	 ﾠopinion	 ﾠof	 ﾠthe	 ﾠpower	 ﾠconsumption	 ﾠtargets	 ﾠvaries	 ﾠthroughout	 ﾠthe	 ﾠfield.	 ﾠ
Some	 ﾠstate	 ﾠthe	 ﾠother	 ﾠbenefits	 ﾠthat	 ﾠoptical	 ﾠbased	 ﾠinterconnects	 ﾠbring	 ﾠcould	 ﾠbalance	 ﾠan	 ﾠincrease	 ﾠ
power	 ﾠconsumption	 ﾠcompared	 ﾠto	 ﾠtheir	 ﾠelectrical	 ﾠcounterparts.	 ﾠThe	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠa	 ﾠtypical	 ﾠ
server	 ﾠhas	 ﾠbeen	 ﾠreported	 ﾠas	 ﾠbeing	 ﾠon	 ﾠthe	 ﾠorder	 ﾠof	 ﾠ10–30	 ﾠpJ/bit	 ﾠ
18	 ﾠand	 ﾠtherefore	 ﾠan	 ﾠimprovement	 ﾠof	 ﾠ
an	 ﾠorder	 ﾠof	 ﾠmagnitude	 ﾠmay	 ﾠnot	 ﾠbe	 ﾠessential	 ﾠto	 ﾠjustify	 ﾠthe	 ﾠadded	 ﾠvalue	 ﾠof	 ﾠoptical	 ﾠinterconnects.	 ﾠ	 ﾠ
When	 ﾠconsidering	 ﾠlonger	 ﾠhaul	 ﾠapplications	 ﾠthe	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠbecomes	 ﾠless	 ﾠand	 ﾠ
less	 ﾠimportant.	 ﾠOn	 ﾠthe	 ﾠother	 ﾠhand	 ﾠsome	 ﾠstate	 ﾠthat	 ﾠin	 ﾠorder	 ﾠfor	 ﾠsilicon	 ﾠphotonics	 ﾠbased	 ﾠinterconnects	 ﾠ
to	 ﾠbe	 ﾠattractive,	 ﾠthe	 ﾠpower	 ﾠconsumed	 ﾠshould	 ﾠnot	 ﾠbe	 ﾠlarger	 ﾠthan	 ﾠelectrical	 ﾠinterconnects	 ﾠwhich	 ﾠthey	 ﾠ
are	 ﾠproposed	 ﾠto	 ﾠreplace	 ﾠ(~1pj/bit)
19.	 ﾠSome	 ﾠextend	 ﾠthis	 ﾠargument	 ﾠstating	 ﾠthat	 ﾠthe	 ﾠenergy	 ﾠshould	 ﾠnot	 ﾠ
exceed	 ﾠ100	 ﾠfj/bit	 ﾠto	 ﾠsurpass	 ﾠthe	 ﾠefficiency	 ﾠof	 ﾠthe	 ﾠ45nm	 ﾠprocess	 ﾠnode	 ﾠequalized	 ﾠon-ﾭ‐chip	 ﾠelectrical	 ﾠ
link
20.	 ﾠThe	 ﾠoptical	 ﾠmodulator	 ﾠis	 ﾠnot	 ﾠthe	 ﾠonly	 ﾠelement	 ﾠin	 ﾠthe	 ﾠsystem	 ﾠand	 ﾠtherefore	 ﾠcan	 ﾠonly	 ﾠconsume	 ﾠa	 ﾠ
proportion	 ﾠ of	 ﾠ this	 ﾠ target	 ﾠ power.	 ﾠ Some	 ﾠ state	 ﾠ that	 ﾠ the	 ﾠ maximum	 ﾠ power	 ﾠ consumption	 ﾠ for	 ﾠ the	 ﾠ
modulator	 ﾠshould	 ﾠtherefore	 ﾠbe	 ﾠon	 ﾠthe	 ﾠorder	 ﾠof	 ﾠ10	 ﾠfj/bit
21	 ﾠwhich	 ﾠis	 ﾠclearly	 ﾠvery	 ﾠdemanding	 ﾠalthough	 ﾠ
some	 ﾠdevices	 ﾠhave	 ﾠshown	 ﾠpotential
22	 ﾠ
59.	 ﾠUltimately	 ﾠthe	 ﾠpower	 ﾠconsumption	 ﾠrequired	 ﾠis	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠ
driven	 ﾠby	 ﾠthe	 ﾠapplication	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠmodulator	 ﾠis	 ﾠto	 ﾠbe	 ﾠemployed	 ﾠand	 ﾠwill	 ﾠalso	 ﾠdetermine	 ﾠthe	 ﾠ
modulator	 ﾠconfiguration	 ﾠto	 ﾠbe	 ﾠemployed.	 ﾠ
The	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠcan	 ﾠbe	 ﾠcalculated	 ﾠin	 ﾠdifferent	 ﾠways	 ﾠdepending	 ﾠon	 ﾠhow	 ﾠit	 ﾠis	 ﾠ
driven:	 ﾠas	 ﾠa	 ﾠlumped	 ﾠelement	 ﾠor	 ﾠwith	 ﾠtravelling	 ﾠwave	 ﾠelectrodes.	 ﾠHowever,	 ﾠin	 ﾠboth	 ﾠcases	 ﾠthe	 ﾠdrive	 ﾠ
voltage	 ﾠhas	 ﾠa	 ﾠsignificant	 ﾠimpact.	 ﾠThroughout	 ﾠthis	 ﾠanalysis	 ﾠwe	 ﾠassume	 ﾠnon-ﾭ‐return-ﾭ‐to-ﾭ‐zero	 ﾠmodulation.	 ﾠ
With	 ﾠ the	 ﾠ phase	 ﾠ modulator	 ﾠ incorporated	 ﾠ into	 ﾠ a	 ﾠ Mach-ﾭ‐Zehnder	 ﾠ interferometer,	 ﾠ a	 ﾠ travelling	 ﾠ wave	 ﾠ
electrode	 ﾠ is	 ﾠ typically	 ﾠ used	 ﾠ to	 ﾠ allow	 ﾠ for	 ﾠ high	 ﾠ speed	 ﾠ operation	 ﾠ over	 ﾠ a	 ﾠ long	 ﾠ device.	 ﾠ A	 ﾠ termination	 ﾠ
resistance	 ﾠ (usually	 ﾠ 50	 ﾠ Ohms)	 ﾠ is	 ﾠ placed	 ﾠ at	 ﾠ the	 ﾠ end	 ﾠ of	 ﾠ the	 ﾠ travelling	 ﾠ wave	 ﾠ electrode	 ﾠ to	 ﾠ prevent	 ﾠ
reflection	 ﾠof	 ﾠthe	 ﾠRF	 ﾠsignal.	 ﾠAny	 ﾠpower	 ﾠnot	 ﾠconsumed	 ﾠby	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠwill	 ﾠbe	 ﾠdissipated	 ﾠin	 ﾠthe	 ﾠ
termination	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠwill	 ﾠbe	 ﾠdictated	 ﾠby	 ﾠthe	 ﾠdrive	 ﾠvoltage,	 ﾠ
the	 ﾠimpedance	 ﾠof	 ﾠthe	 ﾠsystem	 ﾠand	 ﾠthe	 ﾠbit	 ﾠrate.	 ﾠThis	 ﾠis	 ﾠdescribed	 ﾠby	 ﾠequation	 ﾠ1	 ﾠwhere	 ﾠV	 ﾠis	 ﾠthe	 ﾠpeak	 ﾠto	 ﾠ





 ×  	 ﾠ Equation	 ﾠ1.	 ﾠCarrier	 ﾠdepletion	 ﾠmodulators	 ﾠare	 ﾠessentially	 ﾠa	 ﾠdiode	 ﾠoperated	 ﾠin	 ﾠreverse	 ﾠbias	 ﾠand	 ﾠtherefore	 ﾠa	 ﾠDC	 ﾠ
level	 ﾠ is	 ﾠ added	 ﾠ to	 ﾠ the	 ﾠ RF	 ﾠ signal	 ﾠ to	 ﾠ ensure	 ﾠ that	 ﾠ the	 ﾠ drive	 ﾠ voltage	 ﾠ across	 ﾠ the	 ﾠ modulator	 ﾠ remains	 ﾠ
negative.	 ﾠIf	 ﾠa	 ﾠDC	 ﾠblock	 ﾠis	 ﾠemployed	 ﾠbefore	 ﾠthe	 ﾠtermination,	 ﾠequation	 ﾠ1	 ﾠcan	 ﾠstill	 ﾠbe	 ﾠused,	 ﾠotherwise	 ﾠ
equation	 ﾠ2	 ﾠshould	 ﾠbe	 ﾠused	 ﾠwhere	 ﾠVmax	 ﾠand	 ﾠVmin	 ﾠare	 ﾠthe	 ﾠvoltages	 ﾠof	 ﾠthe	 ﾠtwo	 ﾠdata	 ﾠlevels	 ﾠin	 ﾠthe	 ﾠdrive	 ﾠ
signal.	 ﾠ
𝑃 =
    
 
 × ×   +
    
 
 × ×  	 ﾠ Equation	 ﾠ2.	 ﾠ
With	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠincorporated	 ﾠinto	 ﾠa	 ﾠresonant	 ﾠstructure,	 ﾠfor	 ﾠexample	 ﾠa	 ﾠring	 ﾠresonator,	 ﾠthe	 ﾠ
modulator	 ﾠis	 ﾠdriven	 ﾠas	 ﾠa	 ﾠlumped	 ﾠelement	 ﾠwith	 ﾠno	 ﾠadditional	 ﾠtermination	 ﾠelement.	 ﾠIn	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠ
capacitance	 ﾠand	 ﾠthe	 ﾠdrive	 ﾠvoltage	 ﾠtypically	 ﾠdictate	 ﾠthe	 ﾠpower	 ﾠconsumption.	 ﾠThis	 ﾠis	 ﾠdescribed	 ﾠby	 ﾠ
equation	 ﾠ3	 ﾠwhere	 ﾠC	 ﾠis	 ﾠthe	 ﾠcapacitance	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠand	 ﾠV	 ﾠthe	 ﾠpeak	 ﾠto	 ﾠpeak	 ﾠdrive	 ﾠvoltage.	 ﾠ
𝑃 =
 ×  
  	 ﾠ Equation	 ﾠ3.	 ﾠ
It	 ﾠshould	 ﾠbe	 ﾠnoted	 ﾠthat	 ﾠtypically	 ﾠa	 ﾠlarge	 ﾠreflection	 ﾠof	 ﾠthe	 ﾠdrive	 ﾠsignal	 ﾠexists	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠthe	 ﾠring.	 ﾠ	 ﾠ
Conseuqently	 ﾠthe	 ﾠdrive	 ﾠvoltage	 ﾠcould	 ﾠbe	 ﾠas	 ﾠmuch	 ﾠas	 ﾠdouble	 ﾠthat	 ﾠapplied	 ﾠto	 ﾠthe	 ﾠdevice.	 ﾠThis	 ﾠshould	 ﾠ
be	 ﾠ taken	 ﾠ into	 ﾠ account	 ﾠ during	 ﾠ the	 ﾠ power	 ﾠ calculations.	 ﾠ Furthermore	 ﾠ in	 ﾠ the	 ﾠ case	 ﾠ of	 ﾠ temperature	 ﾠ
sensitive	 ﾠdevices	 ﾠsuch	 ﾠas	 ﾠring	 ﾠresonators,	 ﾠan	 ﾠactive	 ﾠtuning	 ﾠmechanism	 ﾠis	 ﾠtypically	 ﾠrequired	 ﾠto	 ﾠensure	 ﾠ
the	 ﾠ modulator	 ﾠ operating	 ﾠ point	 ﾠ is	 ﾠ maintained	 ﾠ with	 ﾠ changes	 ﾠ in	 ﾠ device	 ﾠ temperature.	 ﾠ The	 ﾠ power	 ﾠ
consumption	 ﾠof	 ﾠsuch	 ﾠa	 ﾠtuning	 ﾠmechanism	 ﾠshould	 ﾠalso	 ﾠbe	 ﾠincluded	 ﾠin	 ﾠthe	 ﾠcalculation	 ﾠof	 ﾠthe	 ﾠoverall	 ﾠ




Modulator	 ﾠloss	 ﾠ–	 ﾠAside	 ﾠfrom	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠloss	 ﾠwhich	 ﾠis	 ﾠdictated	 ﾠby	 ﾠthe	 ﾠloss	 ﾠper	 ﾠunit	 ﾠlength	 ﾠ
and	 ﾠthe	 ﾠlength	 ﾠof	 ﾠphase	 ﾠmodulator	 ﾠselected,	 ﾠthere	 ﾠare	 ﾠcontributions	 ﾠfrom	 ﾠthe	 ﾠpassive	 ﾠelements	 ﾠin	 ﾠ
the	 ﾠ structure	 ﾠ for	 ﾠ example	 ﾠ waveguide	 ﾠ splitters,	 ﾠ combiners	 ﾠ and	 ﾠ bends.	 ﾠ The	 ﾠ phase	 ﾠ modulator	 ﾠ loss	 ﾠ
comprises	 ﾠloss	 ﾠdue	 ﾠto	 ﾠpassive	 ﾠwaveguide	 ﾠroughness,	 ﾠfree	 ﾠcarrier	 ﾠabsorption	 ﾠdue	 ﾠinteraction	 ﾠwith	 ﾠthe	 ﾠ
different	 ﾠdoped	 ﾠregions	 ﾠand	 ﾠany	 ﾠinteraction	 ﾠwith	 ﾠthe	 ﾠelectrode	 ﾠmetal.	 ﾠ
Modulation	 ﾠspeed	 ﾠ–	 ﾠThis	 ﾠis	 ﾠoften	 ﾠcharacterised	 ﾠeither	 ﾠby	 ﾠits	 ﾠelectro-ﾭ‐optic	 ﾠbandwidth	 ﾠor	 ﾠits	 ﾠability	 ﾠto	 ﾠ
modulate	 ﾠdata	 ﾠat	 ﾠcertain	 ﾠrates.	 ﾠThe	 ﾠintrinsic	 ﾠspeed	 ﾠof	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠis	 ﾠgoverned	 ﾠby	 ﾠit’s	 ﾠRC	 ﾠ
time	 ﾠconstant,	 ﾠhowever,	 ﾠthe	 ﾠdesign	 ﾠand	 ﾠresultant	 ﾠelectrical	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠelectrodes	 ﾠcan	 ﾠalso	 ﾠ
significantly	 ﾠinfluence	 ﾠthe	 ﾠdevice	 ﾠtransient	 ﾠoperation.	 ﾠIn	 ﾠresonant	 ﾠdevices	 ﾠthe	 ﾠphoton	 ﾠcavity	 ﾠlifetime	 ﾠ
can	 ﾠalso	 ﾠplace	 ﾠa	 ﾠlimitation	 ﾠon	 ﾠthe	 ﾠoperating	 ﾠspeed	 ﾠof	 ﾠthe	 ﾠdevice.	 ﾠ
Modulation	 ﾠphase	 ﾠefficiency	 ﾠ–	 ﾠIt	 ﾠis	 ﾠthe	 ﾠamount	 ﾠof	 ﾠphase	 ﾠshift	 ﾠproduced	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠphase	 ﾠshifter	 ﾠ
length	 ﾠand	 ﾠdrive	 ﾠvoltage.	 ﾠIt	 ﾠis	 ﾠoften	 ﾠreported	 ﾠin	 ﾠunits	 ﾠof	 ﾠV.cm	 ﾠ(the	 ﾠvoltage	 ﾠrequired	 ﾠon	 ﾠa	 ﾠ1cm	 ﾠlong	 ﾠ
phase	 ﾠshifter	 ﾠto	 ﾠachieve	 ﾠa	 ﾠpi	 ﾠradian	 ﾠphase	 ﾠshift).	 ﾠAlternatively	 ﾠan	 ﾠeffective	 ﾠindex	 ﾠchange	 ﾠper	 ﾠvolt	 ﾠis	 ﾠ
sometimes	 ﾠreported.	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠof	 ﾠcarrier	 ﾠdepletion	 ﾠbased	 ﾠdevices	 ﾠthe	 ﾠphase	 ﾠshift	 ﾠachieved	 ﾠwith	 ﾠ
voltage	 ﾠis	 ﾠtypically	 ﾠnon-ﾭ‐linear,	 ﾠreducing	 ﾠwith	 ﾠincreased	 ﾠreverse	 ﾠbias.	 ﾠThe	 ﾠvoltage	 ﾠat	 ﾠwhich	 ﾠthe	 ﾠphase	 ﾠ
efficiency	 ﾠis	 ﾠmeasured	 ﾠshould	 ﾠtherefore	 ﾠbe	 ﾠstated.	 ﾠ
Modulation	 ﾠdepth	 ﾠor	 ﾠextinction	 ﾠratio	 ﾠ–	 ﾠThis	 ﾠis	 ﾠthe	 ﾠdifference	 ﾠin	 ﾠoptical	 ﾠoutput	 ﾠpower	 ﾠbetween	 ﾠthe	 ﾠ1	 ﾠ
and	 ﾠ0	 ﾠlevels	 ﾠof	 ﾠthe	 ﾠmodulator.	 ﾠAs	 ﾠthe	 ﾠmodulation	 ﾠrate	 ﾠis	 ﾠincreased	 ﾠthe	 ﾠextinction	 ﾠratio	 ﾠcan	 ﾠbe	 ﾠless	 ﾠ
than	 ﾠin	 ﾠthe	 ﾠDC	 ﾠcase	 ﾠ(for	 ﾠthe	 ﾠsame	 ﾠapplied	 ﾠvoltage)	 ﾠif	 ﾠthe	 ﾠelectro-ﾭ‐optic	 ﾠroll-ﾭ‐off	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠprevents	 ﾠ
the	 ﾠoptical	 ﾠresponse	 ﾠcompletely	 ﾠreaching	 ﾠthe	 ﾠ1	 ﾠand	 ﾠ0	 ﾠpower	 ﾠlevels.	 ﾠThe	 ﾠextinction	 ﾠratio	 ﾠproduced	 ﾠ
relates	 ﾠto	 ﾠthe	 ﾠamount	 ﾠof	 ﾠphase	 ﾠshift	 ﾠachieved	 ﾠand	 ﾠultimately	 ﾠdictates	 ﾠthe	 ﾠbit	 ﾠerror	 ﾠrate	 ﾠperformance	 ﾠ
of	 ﾠthe	 ﾠdevice.	 ﾠ
Device	 ﾠfootprint	 ﾠ–	 ﾠIt	 ﾠis	 ﾠthe	 ﾠphysical	 ﾠsize	 ﾠof	 ﾠthe	 ﾠmodulator	 ﾠon	 ﾠthe	 ﾠchip.	 ﾠOften	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠMach-ﾭ‐
Zehnder	 ﾠdevices	 ﾠthis	 ﾠis	 ﾠreported	 ﾠas	 ﾠa	 ﾠlength	 ﾠsince	 ﾠthis	 ﾠis	 ﾠthe	 ﾠdominant	 ﾠdimension.	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠof	 ﾠthe	 ﾠ
ring	 ﾠmodulator,	 ﾠwhich	 ﾠis	 ﾠmuch	 ﾠmore	 ﾠcompact,	 ﾠthe	 ﾠring	 ﾠradius/diameter	 ﾠis	 ﾠusually	 ﾠstated.	 ﾠOptical	 ﾠbandwidth	 ﾠ–	 ﾠThis	 ﾠis	 ﾠthe	 ﾠband	 ﾠof	 ﾠwavelengths	 ﾠfor	 ﾠwhich	 ﾠthe	 ﾠdevice	 ﾠcan	 ﾠoperate	 ﾠwithout	 ﾠany	 ﾠ
tuning	 ﾠof	 ﾠthe	 ﾠdevice.	 ﾠFor	 ﾠexample	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠa	 ﾠring	 ﾠresonator	 ﾠbased	 ﾠmodulator,	 ﾠthe	 ﾠdevice	 ﾠis	 ﾠ
operated	 ﾠin	 ﾠthe	 ﾠresonance	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠoperating	 ﾠbandwidth	 ﾠis	 ﾠtypically	 ﾠof	 ﾠabout	 ﾠ
<1nm.	 ﾠOn	 ﾠthe	 ﾠother	 ﾠhand	 ﾠsymmetrical	 ﾠMach-ﾭ‐Zehnder	 ﾠbased	 ﾠdevices	 ﾠoffer	 ﾠ	 ﾠoptical	 ﾠbandwidth	 ﾠlarger	 ﾠ
than	 ﾠ80	 ﾠnm.	 ﾠ
Temperature	 ﾠsensitivity	 ﾠ–	 ﾠIt	 ﾠshows	 ﾠhow	 ﾠsensitive	 ﾠthe	 ﾠdevice	 ﾠperformance	 ﾠis	 ﾠto	 ﾠtemperature	 ﾠchanges.	 ﾠ
Since	 ﾠsilicon	 ﾠhas	 ﾠa	 ﾠrelatively	 ﾠlarge	 ﾠthermo-ﾭ‐optic	 ﾠcoefficient	 ﾠ(1.8×10
4	 ﾠK
-ﾭ‐1),	 ﾠthe	 ﾠoptical	 ﾠresponse	 ﾠof	 ﾠ
passive	 ﾠstructures	 ﾠsuch	 ﾠas	 ﾠring	 ﾠresonators	 ﾠis	 ﾠsensitive	 ﾠto	 ﾠtemperature	 ﾠchanges.	 ﾠIn	 ﾠa	 ﾠsymmetrical	 ﾠ
Mach-ﾭ‐Zehnder	 ﾠ device,	 ﾠ the	 ﾠ temperature	 ﾠ induced	 ﾠ phase	 ﾠ changes	 ﾠ in	 ﾠ either	 ﾠ arm	 ﾠ are	 ﾠ balanced	 ﾠ and	 ﾠ
therefore	 ﾠthe	 ﾠdevice	 ﾠperformance	 ﾠis	 ﾠnot	 ﾠaffected.	 ﾠ
Chirp	 ﾠ–	 ﾠThis	 ﾠdescribes	 ﾠslight	 ﾠvariations	 ﾠin	 ﾠmodulator	 ﾠoutput	 ﾠwavelength	 ﾠduring	 ﾠtransitions	 ﾠbetween	 ﾠ
data	 ﾠlevels.	 ﾠThe	 ﾠresult	 ﾠof	 ﾠthis	 ﾠis	 ﾠdispersion	 ﾠin	 ﾠthe	 ﾠfibre	 ﾠwhich	 ﾠdictates	 ﾠthe	 ﾠmaximum	 ﾠdistance	 ﾠover	 ﾠ
which	 ﾠdata	 ﾠat	 ﾠa	 ﾠspecific	 ﾠrate	 ﾠcan	 ﾠbe	 ﾠtransmitted.	 ﾠThe	 ﾠmajority	 ﾠof	 ﾠapplications	 ﾠthat	 ﾠsilicon	 ﾠphotonics	 ﾠis	 ﾠ
considered	 ﾠfor	 ﾠare	 ﾠshort-ﾭ‐reach,	 ﾠand	 ﾠtherefore	 ﾠchirp	 ﾠis	 ﾠnot	 ﾠa	 ﾠconcern.,	 ﾠHowever,	 ﾠas	 ﾠperformance	 ﾠ
improves,	 ﾠlonger	 ﾠhaul	 ﾠapplications	 ﾠbecome	 ﾠmore	 ﾠviable	 ﾠand	 ﾠchirp	 ﾠthen	 ﾠneeds	 ﾠto	 ﾠbe	 ﾠconsidered.	 ﾠChirp	 ﾠ
will	 ﾠbe	 ﾠdiscussed	 ﾠin	 ﾠmore	 ﾠdetail	 ﾠin	 ﾠsection	 ﾠ4.1.	 ﾠ
	 ﾠ
3.  Design	 ﾠof	 ﾠcarrier	 ﾠdepletion	 ﾠmodulators	 ﾠ
Silicon	 ﾠoptical	 ﾠmodulators	 ﾠbased	 ﾠupon	 ﾠcarrier	 ﾠdepletion	 ﾠconsist	 ﾠof	 ﾠa	 ﾠpn	 ﾠdiode	 ﾠformed	 ﾠinside	 ﾠthe	 ﾠ
optical	 ﾠwaveguide,	 ﾠwhich	 ﾠunder	 ﾠreverse	 ﾠbias	 ﾠconditions,	 ﾠdepletes	 ﾠthe	 ﾠwaveguide	 ﾠof	 ﾠcarriers	 ﾠand	 ﾠ
causes	 ﾠa	 ﾠchange	 ﾠin	 ﾠrefractive	 ﾠindex	 ﾠand	 ﾠabsorption.	 ﾠTo	 ﾠproduce	 ﾠintensity	 ﾠmodulation	 ﾠit	 ﾠis	 ﾠmore	 ﾠ
effective	 ﾠto	 ﾠuse	 ﾠthe	 ﾠphase	 ﾠresponse	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠand	 ﾠto	 ﾠemploy	 ﾠa	 ﾠpassive	 ﾠstructure	 ﾠto	 ﾠconvert	 ﾠ
between	 ﾠ phase	 ﾠ modulation	 ﾠ and	 ﾠ intensity	 ﾠ modulation	 ﾠ rather	 ﾠ than	 ﾠ to	 ﾠ use	 ﾠ the	 ﾠ modulation	 ﾠ of	 ﾠ the	 ﾠ
absorption	 ﾠ coefficient	 ﾠ directly.	 ﾠ The	 ﾠ two	 ﾠ most	 ﾠ common	 ﾠ structures	 ﾠ are	 ﾠ the	 ﾠ Mach	 ﾠ Zehnder	 ﾠ
Interferometer	 ﾠ (MZI)	 ﾠ and	 ﾠ the	 ﾠ ring	 ﾠ resonator	 ﾠ (RR)	 ﾠ as	 ﾠ discussed	 ﾠ above.	 ﾠ To	 ﾠ some	 ﾠ extent	 ﾠ these	 ﾠ
structures	 ﾠwill	 ﾠinfluence	 ﾠthe	 ﾠoverall	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠdevices.	 ﾠHowever,	 ﾠfor	 ﾠthis	 ﾠwork	 ﾠwe	 ﾠfocus	 ﾠour	 ﾠ
analysis	 ﾠon	 ﾠthe	 ﾠdifferent	 ﾠtypes	 ﾠof	 ﾠcarrier	 ﾠdepletion	 ﾠbased	 ﾠphase	 ﾠmodulator	 ﾠelements.	 ﾠ	 ﾠ	 ﾠ
There	 ﾠhave	 ﾠbeen	 ﾠa	 ﾠwide	 ﾠvariety	 ﾠof	 ﾠdevice	 ﾠdesigns	 ﾠreported	 ﾠin	 ﾠrecent	 ﾠyears,	 ﾠeach	 ﾠof	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠ
generally	 ﾠcategorised	 ﾠinto	 ﾠone	 ﾠof	 ﾠthree	 ﾠtypes.	 ﾠThe	 ﾠfirst	 ﾠcategory	 ﾠof	 ﾠdevice	 ﾠis	 ﾠthe	 ﾠone	 ﾠwith	 ﾠa	 ﾠvertical	 ﾠ
pn	 ﾠjunction	 ﾠsimilar	 ﾠto	 ﾠthat	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ1	 ﾠ(left).	 ﾠThe	 ﾠsecond	 ﾠcategory	 ﾠof	 ﾠdevice	 ﾠhas	 ﾠhorizontal	 ﾠpn	 ﾠ
junction	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠdiagram	 ﾠin	 ﾠfigure	 ﾠ1	 ﾠ(right).	 ﾠThe	 ﾠfinal	 ﾠcategory	 ﾠhas	 ﾠinterleaved	 ﾠpn	 ﾠjunctions	 ﾠ(or	 ﾠ
interdigitated	 ﾠpn	 ﾠjunctions).	 ﾠAn	 ﾠexample	 ﾠdiagram	 ﾠof	 ﾠthis	 ﾠtype	 ﾠof	 ﾠdevice	 ﾠis	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ2.	 ﾠ	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
Figure	 ﾠ1	 ﾠ–	 ﾠCarrier	 ﾠdepletion	 ﾠmodulator	 ﾠwith	 ﾠvertical	 ﾠjunction	 ﾠ(left)	 ﾠand	 ﾠhorizontal	 ﾠjunction	 ﾠ(right).	 ﾠ	 ﾠ
Figure	 ﾠ2	 ﾠ–	 ﾠCross	 ﾠsectional	 ﾠ(top)	 ﾠand	 ﾠplan	 ﾠ(bottom)	 ﾠdiagrams	 ﾠof	 ﾠinterdigitated	 ﾠphase	 ﾠmodulators.	 ﾠ	 ﾠ
Vertical	 ﾠjunction	 ﾠdevices	 ﾠhave	 ﾠa	 ﾠpn	 ﾠjunction	 ﾠwhich	 ﾠruns	 ﾠparallel	 ﾠto	 ﾠthe	 ﾠtop	 ﾠand	 ﾠbottom	 ﾠsurfaces	 ﾠof	 ﾠ
the	 ﾠ waveguide.	 ﾠ The	 ﾠ first	 ﾠ proposed	 ﾠ
25	 ﾠand	 ﾠ demonstrated	 ﾠ
26	 ﾠwaveguide	 ﾠ based	 ﾠ carrier	 ﾠ depletion	 ﾠ
modulators	 ﾠwere	 ﾠof	 ﾠthis	 ﾠtype.	 ﾠThe	 ﾠsimulated	 ﾠperformance	 ﾠby	 ﾠGardes	 ﾠet	 ﾠal.
25	 ﾠdemonstrated	 ﾠthat	 ﾠ
modulation	 ﾠin	 ﾠthe	 ﾠtens	 ﾠof	 ﾠGHz	 ﾠcould	 ﾠbe	 ﾠachieved	 ﾠin	 ﾠcarrier	 ﾠdepletion	 ﾠdevices,	 ﾠwhich	 ﾠwas	 ﾠa	 ﾠbreak	 ﾠ
through	 ﾠat	 ﾠthat	 ﾠtime
25.	 ﾠTwo	 ﾠyears	 ﾠlater	 ﾠthe	 ﾠIntel	 ﾠCorporation	 ﾠdemonstrated	 ﾠthis	 ﾠversion	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠ
experimentally	 ﾠwith	 ﾠmodulation	 ﾠat	 ﾠ30Gbit/s	 ﾠpresented
26.	 ﾠLater	 ﾠ40Gbit/s	 ﾠ
27	 ﾠmodulation	 ﾠwas	 ﾠproduced	 ﾠ
albeit	 ﾠwith	 ﾠan	 ﾠextinction	 ﾠratio	 ﾠof	 ﾠonly	 ﾠ1dB.	 ﾠIn	 ﾠtheir	 ﾠdevice	 ﾠthe	 ﾠdoping	 ﾠconfiguration	 ﾠwas	 ﾠreversed	 ﾠ
compared	 ﾠto	 ﾠthat	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ1	 ﾠand	 ﾠcontact	 ﾠto	 ﾠthe	 ﾠtop	 ﾠsection	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠwas	 ﾠmade	 ﾠon	 ﾠjust	 ﾠ
one	 ﾠside	 ﾠof	 ﾠthe	 ﾠwaveguide.	 ﾠThe	 ﾠconcentration	 ﾠof	 ﾠthe	 ﾠp-ﾭ‐type	 ﾠregion	 ﾠwas	 ﾠ1.5e17.cm
-ﾭ‐3	 ﾠand	 ﾠthe	 ﾠn-ﾭ‐type	 ﾠ
region	 ﾠ concentration	 ﾠ varied	 ﾠ from	 ﾠ 1.5e17.cm
-ﾭ‐3	 ﾠ at	 ﾠ the	 ﾠ junction	 ﾠ to	 ﾠ 3e17.cm
-ﾭ‐3	 ﾠ at	 ﾠ the	 ﾠ top	 ﾠ of	 ﾠ the	 ﾠ
waveguide.	 ﾠA	 ﾠphase	 ﾠefficiency	 ﾠof	 ﾠ4V.cm	 ﾠwas	 ﾠmeasured	 ﾠat	 ﾠ4V	 ﾠwith	 ﾠoptical	 ﾠloss	 ﾠof	 ﾠ1.8dB/mm.	 ﾠ	 ﾠ



























31	 ﾠ 480	 ﾠ 300	 ﾠ 80	 ﾠ 4e18	 ﾠ 4e18	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ 7-ﾭ‐8	 ﾠ -ﾭ‐	 ﾠ 40	 ﾠ
32	 ﾠ 500	 ﾠ 220	 ﾠ 90	 ﾠ 5e17	 ﾠ 5e17	 ﾠ 950	 ﾠ 1.9	 ﾠ
(@	 ﾠ3V)	 ﾠ
1.2	 ﾠ 0.3-ﾭ‐0.4	 ﾠ 50	 ﾠ
33	 ﾠ 500	 ﾠ 220	 ﾠ 90	 ﾠ 7e17	 ﾠ 5e17	 ﾠ 950	 ﾠ 3.5	 ﾠ
(@	 ﾠ3V)	 ﾠ
1*	 ﾠ 0.27	 ﾠ 20	 ﾠ
34	 ﾠ 500	 ﾠ 220	 ﾠ 150	 ﾠ 2e18	 ﾠ 2e18	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ 35	 ﾠ
35	 ﾠ 500	 ﾠ 220	 ﾠ 150	 ﾠ 1e18	 ﾠ 1e18	 ﾠ 1000	 ﾠ 1.7	 ﾠ	 ﾠ
(@	 ﾠ4V)	 ﾠ
2.2	 ﾠ -ﾭ‐	 ﾠ 12.5	 ﾠ
36	 ﾠ 500	 ﾠ 220	 ﾠ 100	 ﾠ 1e18	 ﾠ 3e18	 ﾠ -ﾭ‐	 ﾠ 1.59	 ﾠ
(Linear)	 ﾠ
3.2	 ﾠ 0.84	 ﾠ 30	 ﾠ
37	 ﾠ 450	 ﾠ 340	 ﾠ 80	 ﾠ 2e17	 ﾠ 2e17	 ﾠ 1000	 ﾠ 1.7	 ﾠ
(@	 ﾠ3V)	 ﾠ
1.2*	 ﾠ -ﾭ‐	 ﾠ 30	 ﾠ
38	 ﾠ 500	 ﾠ 220	 ﾠ 150	 ﾠ 1e18	 ﾠ 1e18	 ﾠ 1000	 ﾠ 2	 ﾠ
(@	 ﾠ3V)	 ﾠ
2.3	 ﾠ 0.5	 ﾠ 10	 ﾠ
38	 ﾠ 500	 ﾠ 220	 ﾠ 150	 ﾠ 2e18	 ﾠ 2e18	 ﾠ 1000	 ﾠ 1.2	 ﾠ
(@	 ﾠ3V)	 ﾠ
4.5	 ﾠ 	 ﾠ 40	 ﾠ
39
Δ	 ﾠ 400	 ﾠ 220	 ﾠ 70	 ﾠ 1e18	 ﾠ 8e17	 ﾠ 1000	 ﾠ 1.3	 ﾠ
(@0.8V)	 ﾠ
2.3	 ﾠ -ﾭ‐	 ﾠ 26	 ﾠ
*Excludes	 ﾠpassive	 ﾠwaveguide	 ﾠloss.	 ﾠ
Δ	 ﾠIntrinsic	 ﾠgap	 ﾠof	 ﾠ80nm	 ﾠbetween	 ﾠp	 ﾠand	 ﾠn	 ﾠregions	 ﾠis	 ﾠused	 ﾠto	 ﾠreduce	 ﾠcapacitance.	 ﾠ
Table	 ﾠ2	 ﾠ–	 ﾠComparison	 ﾠof	 ﾠhorizontal	 ﾠpn	 ﾠjunction	 ﾠmodulators	 ﾠwith	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠpositioned	 ﾠin	 ﾠthe	 ﾠcentre	 ﾠof	 ﾠthe	 ﾠ
device.	 ﾠ
Horizontal	 ﾠ junction	 ﾠ devices	 ﾠ where	 ﾠ the	 ﾠ pn	 ﾠ junction	 ﾠ runs	 ﾠ perpendicular	 ﾠ to	 ﾠ the	 ﾠ top	 ﾠ and	 ﾠ bottom	 ﾠ
















31.	 ﾠThe	 ﾠmost	 ﾠstraightforward	 ﾠform	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠhas	 ﾠthe	 ﾠpn	 ﾠ








39.	 ﾠ Table	 ﾠ 2	 ﾠ
summarises	 ﾠthe	 ﾠdesign	 ﾠparameters	 ﾠand	 ﾠperformances	 ﾠof	 ﾠsome	 ﾠexample	 ﾠhorizontal	 ﾠjunction	 ﾠdevices	 ﾠ
demonstrated	 ﾠrecently.	 ﾠ	 ﾠ
The	 ﾠtable	 ﾠfocuses	 ﾠon	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠrather	 ﾠthan	 ﾠthe	 ﾠoverall	 ﾠmodulator	 ﾠ
structure	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠdevice	 ﾠspeed	 ﾠcan	 ﾠbe	 ﾠa	 ﾠlittle	 ﾠmisleading	 ﾠsince	 ﾠas	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠprevious	 ﾠ
section	 ﾠthis	 ﾠis	 ﾠdependent	 ﾠon	 ﾠmore	 ﾠfactors	 ﾠthan	 ﾠjust	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠitself.	 ﾠAs	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠin	 ﾠ
table	 ﾠ2	 ﾠeven	 ﾠwith	 ﾠthe	 ﾠhorizontal	 ﾠdesign	 ﾠselected	 ﾠand	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠposition	 ﾠfixed	 ﾠin	 ﾠthe	 ﾠmiddle	 ﾠof	 ﾠ
the	 ﾠwaveguide	 ﾠthere	 ﾠare	 ﾠstill	 ﾠmany	 ﾠdesign	 ﾠparameters	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠchanged	 ﾠin	 ﾠorder	 ﾠto	 ﾠoptimise	 ﾠ
certain	 ﾠperformance	 ﾠmetrics.	 ﾠFirstly	 ﾠthe	 ﾠrib	 ﾠwaveguide	 ﾠgeometry	 ﾠin	 ﾠterms	 ﾠof	 ﾠits	 ﾠheight,	 ﾠwidth,	 ﾠslab	 ﾠ
height	 ﾠand	 ﾠsidewall	 ﾠangle	 ﾠcan	 ﾠbe	 ﾠvaried	 ﾠ(although	 ﾠin	 ﾠmost	 ﾠprocesses	 ﾠthe	 ﾠsidewall	 ﾠangle	 ﾠis	 ﾠfixed	 ﾠat	 ﾠ90	 ﾠ
degrees).	 ﾠWhen	 ﾠselecting	 ﾠwhich	 ﾠwaveguide	 ﾠdimensions	 ﾠto	 ﾠuse	 ﾠthere	 ﾠare	 ﾠdifferent	 ﾠfactors	 ﾠthat	 ﾠshould	 ﾠ
be	 ﾠ considered.	 ﾠ Firstly,	 ﾠ the	 ﾠ waveguide	 ﾠ should	 ﾠ support	 ﾠ only	 ﾠ single	 ﾠ mode	 ﾠ propagation	 ﾠ to	 ﾠ avoid	 ﾠ
performance	 ﾠ degradation	 ﾠ in	 ﾠ interferometric	 ﾠ and	 ﾠ resonant	 ﾠ structures.	 ﾠ Secondly,	 ﾠ if	 ﾠ polarisation	 ﾠ
independence	 ﾠis	 ﾠrequired	 ﾠwithout	 ﾠa	 ﾠpolarisation	 ﾠdiversity	 ﾠscheme,	 ﾠthe	 ﾠdimensions	 ﾠshould	 ﾠbe	 ﾠchosen	 ﾠ
to	 ﾠsupport	 ﾠboth	 ﾠfundamental	 ﾠTE	 ﾠand	 ﾠTM	 ﾠmodes	 ﾠand	 ﾠthe	 ﾠeffective	 ﾠindex	 ﾠand	 ﾠoptical	 ﾠloss	 ﾠfor	 ﾠboth	 ﾠ
modes	 ﾠshould	 ﾠbe	 ﾠthe	 ﾠsame
46.	 ﾠThe	 ﾠwaveguide	 ﾠgeometry	 ﾠalso	 ﾠaffects	 ﾠthe	 ﾠconfinement	 ﾠof	 ﾠthe	 ﾠoptical	 ﾠ
mode	 ﾠwithin	 ﾠthe	 ﾠwaveguide	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠdegree	 ﾠof	 ﾠinteraction	 ﾠwith	 ﾠthe	 ﾠregion	 ﾠof	 ﾠchanging	 ﾠ
refractive	 ﾠ index	 ﾠ (depletion	 ﾠ region).	 ﾠ Ultimately	 ﾠ the	 ﾠ optical	 ﾠ mode	 ﾠ confinement	 ﾠ affects	 ﾠ the	 ﾠ phase	 ﾠ
efficiency	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠbut	 ﾠalso	 ﾠa	 ﾠwell	 ﾠconfined	 ﾠmode	 ﾠis	 ﾠlikely	 ﾠto	 ﾠmean	 ﾠthat	 ﾠinteraction	 ﾠwith	 ﾠthe	 ﾠ
highly	 ﾠdoped	 ﾠregions	 ﾠpositioned	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠwaveguide	 ﾠcan	 ﾠbe	 ﾠreduced,	 ﾠbenefiting	 ﾠoptical	 ﾠloss	 ﾠ
due	 ﾠto	 ﾠabsorption	 ﾠfrom	 ﾠfree	 ﾠcarriers.	 ﾠThe	 ﾠheight	 ﾠof	 ﾠthe	 ﾠslab	 ﾠinfluences	 ﾠthe	 ﾠaccess	 ﾠresistance	 ﾠto	 ﾠthe	 ﾠpn	 ﾠ
junction	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠspeed	 ﾠof	 ﾠthe	 ﾠdevice.	 ﾠA	 ﾠthick	 ﾠslab	 ﾠtherefore	 ﾠlends	 ﾠitself	 ﾠto	 ﾠa	 ﾠhigher	 ﾠspeed.	 ﾠ
Interaction	 ﾠof	 ﾠthe	 ﾠoptical	 ﾠmode	 ﾠwith	 ﾠside	 ﾠwall	 ﾠroughness	 ﾠis	 ﾠalso	 ﾠreduced	 ﾠand	 ﾠconsequently	 ﾠscattering	 ﾠ
losses	 ﾠcan	 ﾠbe	 ﾠreduced.	 ﾠOn	 ﾠthe	 ﾠother	 ﾠhand	 ﾠa	 ﾠthick	 ﾠslab	 ﾠregion	 ﾠcauses	 ﾠhigh	 ﾠlosses	 ﾠin	 ﾠwaveguides	 ﾠbends	 ﾠ
such	 ﾠas	 ﾠthose	 ﾠrequired	 ﾠin	 ﾠMach-ﾭ‐Zehnder	 ﾠInterferometers	 ﾠand	 ﾠring	 ﾠresonators.	 ﾠ
The	 ﾠnext	 ﾠconsideration	 ﾠis	 ﾠthe	 ﾠconcentration	 ﾠand	 ﾠpositioning	 ﾠof	 ﾠthe	 ﾠdifferent	 ﾠdoped	 ﾠregions.	 ﾠThe	 ﾠ
distance	 ﾠseparating	 ﾠthe	 ﾠwaveguide	 ﾠrib	 ﾠand	 ﾠthe	 ﾠhighly	 ﾠdoped	 ﾠregions	 ﾠaffects	 ﾠthe	 ﾠaccess	 ﾠresistance	 ﾠto	 ﾠ
the	 ﾠdevice	 ﾠand	 ﾠthe	 ﾠinteraction	 ﾠwith	 ﾠthe	 ﾠoptical	 ﾠmode.	 ﾠIn	 ﾠterms	 ﾠof	 ﾠperformance	 ﾠthis	 ﾠtranslates	 ﾠinto	 ﾠ
device	 ﾠspeed	 ﾠand	 ﾠoptical	 ﾠloss.	 ﾠClose	 ﾠproximity	 ﾠof	 ﾠthese	 ﾠregions	 ﾠto	 ﾠthe	 ﾠwaveguide	 ﾠwill	 ﾠreduce	 ﾠaccess	 ﾠ
resistance	 ﾠto	 ﾠthe	 ﾠdevice	 ﾠand	 ﾠtherefore	 ﾠfacilitates	 ﾠhigh	 ﾠspeed	 ﾠoperation,	 ﾠhowever	 ﾠit	 ﾠwill	 ﾠalso	 ﾠresult	 ﾠin	 ﾠ
an	 ﾠincreased	 ﾠloss.	 ﾠThe	 ﾠdoping	 ﾠconcentration	 ﾠof	 ﾠthe	 ﾠhighly	 ﾠdoped	 ﾠregions	 ﾠshould	 ﾠbe	 ﾠhigh	 ﾠenough	 ﾠto	 ﾠ
allow	 ﾠ ohmic	 ﾠ contacts	 ﾠ to	 ﾠ be	 ﾠ formed	 ﾠ with	 ﾠ the	 ﾠ device	 ﾠ electrodes	 ﾠ as	 ﾠ well	 ﾠ as	 ﾠ providing	 ﾠ low	 ﾠ access	 ﾠ
resistance	 ﾠto	 ﾠthe	 ﾠjunction.	 ﾠ The	 ﾠconcentration	 ﾠ of	 ﾠthe	 ﾠlower	 ﾠ dose	 ﾠregions	 ﾠinfluences	 ﾠmany	 ﾠof	 ﾠthe	 ﾠ
performance	 ﾠmetrics	 ﾠincluding	 ﾠoptical	 ﾠloss,	 ﾠphase	 ﾠefficiency,	 ﾠspeed	 ﾠand	 ﾠcapacitance.	 ﾠHigh	 ﾠdoping	 ﾠ
concentrations	 ﾠgenerally	 ﾠprovide	 ﾠa	 ﾠreduced	 ﾠaccess	 ﾠresistance	 ﾠand	 ﾠhigher	 ﾠjunction	 ﾠcapacitance.	 ﾠIt’s	 ﾠ
effect	 ﾠon	 ﾠthe	 ﾠoverall	 ﾠRC	 ﾠtime	 ﾠconstant	 ﾠcould	 ﾠtherefore	 ﾠbe	 ﾠpositive	 ﾠor	 ﾠnegative	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠ
design,	 ﾠhowever	 ﾠif	 ﾠthe	 ﾠjunction	 ﾠis	 ﾠcorrectly	 ﾠpositioned	 ﾠit	 ﾠwill	 ﾠallow	 ﾠfor	 ﾠa	 ﾠhigher	 ﾠefficiency	 ﾠsince	 ﾠa	 ﾠ
greater	 ﾠchange	 ﾠin	 ﾠfree	 ﾠcarrier	 ﾠconcentration	 ﾠwill	 ﾠinteract	 ﾠwith	 ﾠthe	 ﾠcore	 ﾠof	 ﾠthe	 ﾠoptical.	 ﾠThe	 ﾠdown-ﾭ‐side	 ﾠ
to	 ﾠa	 ﾠhigh	 ﾠdoping	 ﾠconcentration	 ﾠis	 ﾠthe	 ﾠincrease	 ﾠin	 ﾠabsorption	 ﾠloss	 ﾠand	 ﾠcapacitance..	 ﾠThere	 ﾠtherefore	 ﾠ
exists	 ﾠanother	 ﾠtrade-ﾭ‐off	 ﾠwhich	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠused	 ﾠto	 ﾠtailor	 ﾠthe	 ﾠdevice	 ﾠperformance	 ﾠtowards	 ﾠa	 ﾠprofile	 ﾠof	 ﾠ
metrics	 ﾠas	 ﾠrequired.	 ﾠ
Finally	 ﾠthe	 ﾠdesign	 ﾠof	 ﾠthe	 ﾠelectrodes	 ﾠis	 ﾠa	 ﾠvery	 ﾠimportant	 ﾠconsideration	 ﾠto	 ﾠoptimise	 ﾠthe	 ﾠspeed	 ﾠof	 ﾠthe	 ﾠ
device.	 ﾠFor	 ﾠMZI	 ﾠbased	 ﾠdevices	 ﾠcoplanar	 ﾠwaveguide	 ﾠelectrodes	 ﾠ(CPW)	 ﾠare	 ﾠnormally	 ﾠemployed	 ﾠwith	 ﾠ
the	 ﾠdiode	 ﾠconnected	 ﾠbetween	 ﾠthe	 ﾠsignal	 ﾠtrack	 ﾠand	 ﾠthe	 ﾠground	 ﾠplane	 ﾠto	 ﾠone	 ﾠof	 ﾠthe	 ﾠsides.	 ﾠIn	 ﾠorder	 ﾠto	 ﾠ
minimise	 ﾠ reflection	 ﾠ losses	 ﾠ of	 ﾠ the	 ﾠ drive	 ﾠ signal	 ﾠ these	 ﾠ electrodes	 ﾠ should	 ﾠ be	 ﾠ designed	 ﾠ to	 ﾠ have	 ﾠ a	 ﾠ
characteristic	 ﾠimpedance	 ﾠwhich	 ﾠis	 ﾠmatched	 ﾠto	 ﾠthat	 ﾠof	 ﾠthe	 ﾠdrive	 ﾠequipment	 ﾠ(usually	 ﾠ50	 ﾠOhms)	 ﾠwith	 ﾠ
the	 ﾠeffect	 ﾠof	 ﾠthe	 ﾠpn	 ﾠdiode	 ﾠon	 ﾠthe	 ﾠCPW	 ﾠimpedance	 ﾠtaken	 ﾠinto	 ﾠaccount.	 ﾠThe	 ﾠelectrodes	 ﾠshould	 ﾠalso	 ﾠbe	 ﾠ
designed	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠvelocity	 ﾠof	 ﾠthe	 ﾠelectrical	 ﾠsignal	 ﾠis	 ﾠmatched	 ﾠto	 ﾠthe	 ﾠvelocity	 ﾠof	 ﾠthe	 ﾠlight	 ﾠin	 ﾠthe	 ﾠwaveguide.	 ﾠAny	 ﾠvelocity	 ﾠmismatch	 ﾠwill	 ﾠmean	 ﾠthat	 ﾠthe	 ﾠdrive	 ﾠsignal	 ﾠwill	 ﾠnot	 ﾠact	 ﾠon	 ﾠthe	 ﾠsame	 ﾠportion	 ﾠof	 ﾠ
light	 ﾠin	 ﾠtime	 ﾠcausing	 ﾠa	 ﾠlimitation	 ﾠon	 ﾠthe	 ﾠdevice	 ﾠspeed	 ﾠas	 ﾠhighlighted	 ﾠin	 ﾠthe	 ﾠslow	 ﾠwave	 ﾠdevice	 ﾠreported	 ﾠ
by	 ﾠ Brimont	 ﾠ et	 ﾠ al.
40.	 ﾠ RF	 ﾠ propagation	 ﾠ loss	 ﾠ should	 ﾠ be	 ﾠ minimised.	 ﾠ High	 ﾠ frequency	 ﾠ components	 ﾠ
experience	 ﾠgreater	 ﾠattenuation	 ﾠthan	 ﾠlow	 ﾠfrequency	 ﾠcomponents	 ﾠmeaning	 ﾠthat	 ﾠthe	 ﾠelectrodes	 ﾠwill	 ﾠ
have	 ﾠa	 ﾠlimited	 ﾠbandwidth	 ﾠfor	 ﾠwhich	 ﾠsignals	 ﾠcan	 ﾠbe	 ﾠtransmitted.	 ﾠA	 ﾠlonger	 ﾠelectrode	 ﾠwill	 ﾠhave	 ﾠa	 ﾠlower	 ﾠ
bandwidth	 ﾠand	 ﾠthis	 ﾠmeans	 ﾠit	 ﾠcan	 ﾠbe	 ﾠdifficult	 ﾠto	 ﾠachieve	 ﾠa	 ﾠlarge	 ﾠextinction	 ﾠratio	 ﾠtogether	 ﾠwith	 ﾠhigh	 ﾠ
speed	 ﾠdue	 ﾠto	 ﾠelectrode	 ﾠbased	 ﾠbandwidth	 ﾠlimitations.	 ﾠ
	 ﾠ	 ﾠ	 ﾠ
Figure	 ﾠ3	 ﾠ–	 ﾠCross-ﾭ‐sectional	 ﾠdiagram	 ﾠhorizontal	 ﾠdevice	 ﾠwith	 ﾠoffset	 ﾠpn	 ﾠjunction.	 ﾠ
Previously	 ﾠwe	 ﾠhave	 ﾠonly	 ﾠconsidered	 ﾠdevices	 ﾠwith	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠfixed	 ﾠequidistant	 ﾠfrom	 ﾠthe	 ﾠrib	 ﾠedges,	 ﾠ
but	 ﾠclearly	 ﾠthe	 ﾠposition	 ﾠof	 ﾠthis	 ﾠpn	 ﾠjunction	 ﾠis	 ﾠanother	 ﾠparameter	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠvaried.	 ﾠSome	 ﾠresearch	 ﾠ
groups	 ﾠhave	 ﾠlooked	 ﾠat	 ﾠoffsetting	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠas	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ3	 ﾠ and	 ﾠhave	 ﾠstated	 ﾠthat	 ﾠan	 ﾠ
improvement	 ﾠin	 ﾠperformance	 ﾠresults
30	 ﾠ41	 ﾠ44	 ﾠ42.	 ﾠTable	 ﾠ3	 ﾠsummarises	 ﾠthe	 ﾠdesign	 ﾠparameters	 ﾠused	 ﾠand	 ﾠ
performance	 ﾠof	 ﾠthese	 ﾠphase	 ﾠmodulators.	 ﾠ

































30	 ﾠ 600	 ﾠ 600	 ﾠ 200	 ﾠ 2e18	 ﾠ 3e17	 ﾠ Negative	 ﾠ -ﾭ‐	 ﾠ 14.3	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ 12.5	 ﾠ
44	 ﾠ 300	 ﾠ 200	 ﾠ 50	 ﾠ 2e17	 ﾠ 6e17	 ﾠ 75	 ﾠ 1000	 ﾠ 11	 ﾠ(@3V)	 ﾠ -ﾭ‐	 ﾠ -ﾭ‐	 ﾠ 19*	 ﾠ
41	 ﾠ 450	 ﾠ 340	 ﾠ 80	 ﾠ 2e17	 ﾠ 2e17	 ﾠ 50	 ﾠ 1000	 ﾠ 1.8	 ﾠ(@3V)	 ﾠ 1.6	 ﾠ -ﾭ‐	 ﾠ 60	 ﾠ
42	 ﾠ 220	 ﾠ 600	 ﾠ 60	 ﾠ 1e17	 ﾠ 1e17	 ﾠ 50
Δ	 ﾠ 500	 ﾠ 1.5	 ﾠ(0	 ﾠto	 ﾠ
6V)	 ﾠ
1.5	 ﾠ -ﾭ‐	 ﾠ 12	 ﾠ
*This	 ﾠis	 ﾠa	 ﾠbandwidth	 ﾠmeasurement	 ﾠof	 ﾠ19GHz	 ﾠrather	 ﾠthat	 ﾠa	 ﾠdata	 ﾠrate	 ﾠmeasurement.	 ﾠ
Δ	 ﾠIn	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠedge	 ﾠof	 ﾠthe	 ﾠn-ﾭ‐type	 ﾠregion	 ﾠis	 ﾠoffset	 ﾠ
50nm	 ﾠhowever	 ﾠthe	 ﾠedge	 ﾠof	 ﾠthe	 ﾠp-ﾭ‐type	 ﾠis	 ﾠnot	 ﾠoffset,	 ﾠtherefore	 ﾠthere	 ﾠis	 ﾠa	 ﾠ50nm	 ﾠintrinsic	 ﾠregion.	 ﾠ	 ﾠ
Table	 ﾠ3	 ﾠ–	 ﾠComparison	 ﾠof	 ﾠhorizontal	 ﾠpn	 ﾠjunction	 ﾠmodulators	 ﾠwith	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠpositioned	 ﾠoffset	 ﾠfrom	 ﾠthe	 ﾠ
centre	 ﾠof	 ﾠthe	 ﾠwaveguide	 ﾠrib.	 ﾠ
It	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠusually	 ﾠthe	 ﾠoffset	 ﾠis	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠthe	 ﾠrib	 ﾠis	 ﾠformed	 ﾠof	 ﾠp-ﾭ‐type	 ﾠmaterial.	 ﾠ
This	 ﾠis	 ﾠbecause	 ﾠa	 ﾠlarger	 ﾠrefractive	 ﾠindex	 ﾠchange	 ﾠand	 ﾠlower	 ﾠabsorption	 ﾠloss	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠwith	 ﾠp-ﾭ‐
type	 ﾠthan	 ﾠwith	 ﾠn-ﾭ‐type	 ﾠmaterial	 ﾠas	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠexpressions	 ﾠproduced	 ﾠby	 ﾠSoref	 ﾠand	 ﾠBennett
71.	 ﾠ
Interestingly	 ﾠYou	 ﾠet	 ﾠal.	 ﾠused	 ﾠa	 ﾠnegative	 ﾠoffset
30	 ﾠgiving	 ﾠthe	 ﾠexplanation	 ﾠthat	 ﾠelectron	 ﾠdepletion	 ﾠleads	 ﾠ
to	 ﾠa	 ﾠfaster	 ﾠelectrical	 ﾠresponse	 ﾠthan	 ﾠhole	 ﾠdepletion	 ﾠdoes	 ﾠand	 ﾠtherefore	 ﾠa	 ﾠfaster	 ﾠdevice	 ﾠshould	 ﾠresult.	 ﾠ
Since	 ﾠ only	 ﾠ the	 ﾠ electrically	 ﾠ varying	 ﾠ depletion	 ﾠ region	 ﾠ within	 ﾠ the	 ﾠ rib	 ﾠ waveguide	 ﾠ contributes	 ﾠ to	 ﾠ the	 ﾠ
modulation	 ﾠof	 ﾠthe	 ﾠrefractive	 ﾠindex	 ﾠwhereas	 ﾠthe	 ﾠentire	 ﾠdoped	 ﾠregion	 ﾠcontributes	 ﾠto	 ﾠthe	 ﾠoptical	 ﾠloss	 ﾠ
some	 ﾠresearch	 ﾠgroups	 ﾠhave	 ﾠconsidered	 ﾠhow	 ﾠthe	 ﾠdoping	 ﾠis	 ﾠlocalised	 ﾠin	 ﾠthe	 ﾠwaveguide	 ﾠwith	 ﾠthe	 ﾠaim	 ﾠof	 ﾠ
reducing	 ﾠoptical	 ﾠabsorption	 ﾠlosses	 ﾠwhilst	 ﾠmaintain	 ﾠphase	 ﾠefficiency	 ﾠand	 ﾠdevice	 ﾠspeed.	 ﾠFor	 ﾠexample	 ﾠin	 ﾠ
the	 ﾠdevice	 ﾠof	 ﾠMarris-ﾭ‐Morini	 ﾠet	 ﾠal.	 ﾠa	 ﾠp-ﾭ‐type	 ﾠdoped	 ﾠslit	 ﾠwas	 ﾠpositioned	 ﾠin	 ﾠthe	 ﾠcore	 ﾠof	 ﾠthe	 ﾠoptical	 ﾠmode	 ﾠ
with	 ﾠthe	 ﾠremainder	 ﾠof	 ﾠthe	 ﾠwaveguide	 ﾠrib	 ﾠleft	 ﾠlargely	 ﾠundoped
29.	 ﾠIn	 ﾠthis	 ﾠway	 ﾠoptical	 ﾠabsorption	 ﾠlosses	 ﾠ
due	 ﾠto	 ﾠthe	 ﾠinteraction	 ﾠwith	 ﾠdoping	 ﾠaround	 ﾠthe	 ﾠedges	 ﾠof	 ﾠthe	 ﾠwaveguide	 ﾠwhich	 ﾠdoes	 ﾠnot	 ﾠdeplete	 ﾠ
during	 ﾠbiasing	 ﾠis	 ﾠavoided.	 ﾠA	 ﾠcross-ﾭ‐sectional	 ﾠdepiction	 ﾠof	 ﾠthis	 ﾠdevice	 ﾠis	 ﾠshown	 ﾠin	 ﾠthe	 ﾠleft	 ﾠof	 ﾠfigure	 ﾠ4.	 ﾠA	 ﾠ
loss	 ﾠof	 ﾠ1dB/mm	 ﾠoccurred	 ﾠin	 ﾠthis	 ﾠcase	 ﾠwith	 ﾠa	 ﾠphase	 ﾠefficiency	 ﾠof	 ﾠ3.5V.cm.	 ﾠThe	 ﾠauthors	 ﾠwere	 ﾠalso	 ﾠable	 ﾠ
to	 ﾠdemonstrate	 ﾠ40Gbit/s	 ﾠmodulation
51.	 ﾠIn	 ﾠa	 ﾠsimilar	 ﾠconcept	 ﾠTu	 ﾠet	 ﾠal.
43	 ﾠused	 ﾠa	 ﾠdoping	 ﾠcompensation	 ﾠmethod	 ﾠto	 ﾠreduce	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠfree	 ﾠcarriers	 ﾠin	 ﾠthe	 ﾠupper	 ﾠsides	 ﾠof	 ﾠthe	 ﾠrib	 ﾠ(as	 ﾠdepicted	 ﾠin	 ﾠthe	 ﾠ
right	 ﾠ hand	 ﾠ image	 ﾠ of	 ﾠ figure	 ﾠ 4).	 ﾠ An	 ﾠoptical	 ﾠloss	 ﾠof	 ﾠless	 ﾠthan	 ﾠ1dB/mm	 ﾠwas	 ﾠreported	 ﾠwith	 ﾠa	 ﾠ phase	 ﾠ
efficiency	 ﾠof	 ﾠaround	 ﾠ2.67V.cm.	 ﾠModulation	 ﾠup	 ﾠto	 ﾠ50Gbit/s	 ﾠwas	 ﾠreported.	 ﾠ
	 ﾠ 	 ﾠ
Figure	 ﾠ4	 ﾠ–	 ﾠCross-ﾭ‐sectional	 ﾠdiagram	 ﾠof	 ﾠdevice	 ﾠby	 ﾠMarris-ﾭ‐Morini	 ﾠet	 ﾠal.	 ﾠ(left)
29	 ﾠand	 ﾠTu	 ﾠet	 ﾠal.	 ﾠ(right)
43	 ﾠ
Another	 ﾠconsideration	 ﾠin	 ﾠthe	 ﾠdesign	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠis	 ﾠthe	 ﾠaccuracy	 ﾠwith	 ﾠwhich	 ﾠthe	 ﾠfabrication	 ﾠtools	 ﾠ
can	 ﾠposition	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠwithin	 ﾠthe	 ﾠrib	 ﾠwaveguide.	 ﾠA	 ﾠstudy	 ﾠby	 ﾠGardes	 ﾠet	 ﾠal.	 ﾠinto	 ﾠthe	 ﾠextent	 ﾠwhich	 ﾠ
misalignment	 ﾠof	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠcould	 ﾠaffect	 ﾠdevice	 ﾠperformance	 ﾠshowed	 ﾠthat	 ﾠthe	 ﾠphase	 ﾠefficiency	 ﾠ
could	 ﾠbe	 ﾠreduced	 ﾠby	 ﾠmore	 ﾠthan	 ﾠ40%	 ﾠwith	 ﾠjust	 ﾠ50nm	 ﾠmisalignment
44	 ﾠas	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ5.	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ5	 ﾠ–	 ﾠTheoretical	 ﾠstudy	 ﾠof	 ﾠeffective	 ﾠindex	 ﾠchange	 ﾠagainst	 ﾠpn	 ﾠjunction	 ﾠalignment	 ﾠerror
44.	 ﾠ	 ﾠ
To	 ﾠovercome	 ﾠthis	 ﾠissue	 ﾠand	 ﾠto	 ﾠtherefore	 ﾠcreate	 ﾠa	 ﾠdesign	 ﾠwhich	 ﾠis	 ﾠrobust	 ﾠto	 ﾠfabrication	 ﾠerrors	 ﾠand	 ﾠ
therefore	 ﾠresults	 ﾠin	 ﾠa	 ﾠhigh	 ﾠyield,	 ﾠa	 ﾠfabrication	 ﾠprocess	 ﾠusing	 ﾠself-ﾭ‐aligned	 ﾠpn	 ﾠjunction	 ﾠformation	 ﾠhas	 ﾠ
been	 ﾠdevised
45	 ﾠ
46.	 ﾠThe	 ﾠprocess	 ﾠused	 ﾠby	 ﾠThomson	 ﾠet	 ﾠal.	 ﾠis	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ6.	 ﾠFirstly	 ﾠthe	 ﾠactive	 ﾠareas	 ﾠof	 ﾠ
the	 ﾠwafer	 ﾠare	 ﾠimplanted	 ﾠwith	 ﾠboron	 ﾠto	 ﾠform	 ﾠbackground	 ﾠp-ﾭ‐type	 ﾠdoping.	 ﾠNext	 ﾠthe	 ﾠwaveguide	 ﾠdesign	 ﾠ
is	 ﾠetched	 ﾠinto	 ﾠa	 ﾠsilicon	 ﾠdioxide	 ﾠhard	 ﾠmask	 ﾠlayer	 ﾠwhich	 ﾠhas	 ﾠbeen	 ﾠdeposited	 ﾠonto	 ﾠthe	 ﾠwafer	 ﾠsurface.	 ﾠ
This	 ﾠhard	 ﾠmask	 ﾠis	 ﾠused	 ﾠto	 ﾠetch	 ﾠthe	 ﾠwaveguide	 ﾠdesign	 ﾠinto	 ﾠthe	 ﾠsilicon	 ﾠoverlayer	 ﾠand	 ﾠthen	 ﾠtogether	 ﾠ
with	 ﾠa	 ﾠphotoresist	 ﾠlayer	 ﾠit	 ﾠis	 ﾠused	 ﾠto	 ﾠguide	 ﾠthe	 ﾠphosphorus	 ﾠimplant	 ﾠwhich	 ﾠproduces	 ﾠthe	 ﾠn-ﾭ‐type	 ﾠ
regions.	 ﾠEither	 ﾠthe	 ﾠhard	 ﾠmask	 ﾠor	 ﾠthe	 ﾠphotoresist	 ﾠlayer	 ﾠare	 ﾠsufficiently	 ﾠthick	 ﾠto	 ﾠprevent	 ﾠpenetration	 ﾠof	 ﾠ
the	 ﾠphosphorus	 ﾠions	 ﾠinto	 ﾠthe	 ﾠsilicon	 ﾠoverlayer	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠedge	 ﾠof	 ﾠthe	 ﾠphotoresist	 ﾠwindow	 ﾠcan	 ﾠ
be	 ﾠaligned	 ﾠwith	 ﾠlow	 ﾠaccuracy	 ﾠon	 ﾠtop	 ﾠof	 ﾠthe	 ﾠwaveguide	 ﾠwith	 ﾠthe	 ﾠresultant	 ﾠpn	 ﾠjunction	 ﾠpositioned	 ﾠ
precisely	 ﾠat	 ﾠthe	 ﾠedge	 ﾠof	 ﾠthe	 ﾠwaveguide.	 ﾠThe	 ﾠremainder	 ﾠof	 ﾠthe	 ﾠ process	 ﾠ can	 ﾠ be	 ﾠ performed	 ﾠ using	 ﾠ
standard	 ﾠCMOS	 ﾠlike	 ﾠprocessing	 ﾠsteps.	 ﾠUsing	 ﾠthis	 ﾠsimple	 ﾠprocess	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠwith	 ﾠcross	 ﾠ
section	 ﾠas	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ7	 ﾠhas	 ﾠbeen	 ﾠproduced.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ
Figure	 ﾠ6	 ﾠ–	 ﾠDiagram	 ﾠshowing	 ﾠthe	 ﾠself-ﾭ‐aligned	 ﾠformation	 ﾠof	 ﾠthe	 ﾠpn	 ﾠjunction.	 ﾠFirstly	 ﾠthe	 ﾠactive	 ﾠregion	 ﾠis	 ﾠdoped	 ﾠp	 ﾠ
type	 ﾠ(top	 ﾠleft).	 ﾠA	 ﾠsilicon	 ﾠdioxide	 ﾠlayer	 ﾠis	 ﾠthe	 ﾠdeposited	 ﾠand	 ﾠpatterned	 ﾠwith	 ﾠthe	 ﾠwaveguide	 ﾠdesign	 ﾠ(top	 ﾠright).	 ﾠThis	 ﾠ
patterned	 ﾠsilicon	 ﾠdioxide	 ﾠlayer	 ﾠis	 ﾠthen	 ﾠused	 ﾠas	 ﾠa	 ﾠhard	 ﾠmask	 ﾠthrough	 ﾠwhich	 ﾠto	 ﾠetch	 ﾠthe	 ﾠwaveguides	 ﾠ(bottom	 ﾠleft).	 ﾠ




Figure	 ﾠ7	 ﾠ–	 ﾠCross	 ﾠsectional	 ﾠdiagrams	 ﾠof	 ﾠphase	 ﾠmodulators	 ﾠproduced	 ﾠusing	 ﾠthe	 ﾠself-ﾭ‐aligned	 ﾠprocess
45.	 ﾠ
As	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠis	 ﾠpositioned	 ﾠat	 ﾠthe	 ﾠedge	 ﾠof	 ﾠthe	 ﾠwaveguide	 ﾠthe	 ﾠdoping	 ﾠconcentration	 ﾠof	 ﾠthe	 ﾠn-ﾭ‐type	 ﾠ
region	 ﾠ(1.5e18.cm
-ﾭ‐3)	 ﾠis	 ﾠmade	 ﾠmuch	 ﾠhigher	 ﾠthan	 ﾠthat	 ﾠof	 ﾠthe	 ﾠp-ﾭ‐type	 ﾠregion	 ﾠ(3e17.cm
-ﾭ‐3)	 ﾠso	 ﾠthat	 ﾠthe	 ﾠ
depletion	 ﾠextends	 ﾠmainly	 ﾠinto	 ﾠthe	 ﾠwaveguide	 ﾠduring	 ﾠbiasing.	 ﾠThis	 ﾠapproach	 ﾠallows	 ﾠfor	 ﾠa	 ﾠlarge	 ﾠphase	 ﾠ
shift	 ﾠwith	 ﾠvoltage	 ﾠwith	 ﾠa	 ﾠpeak	 ﾠefficiency	 ﾠfigure	 ﾠof	 ﾠ2.3V.cm	 ﾠdemonstrated	 ﾠso	 ﾠfar
47.	 ﾠIn	 ﾠa	 ﾠdifferent	 ﾠ
variant	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠmodulation	 ﾠat	 ﾠ40Gbit/s	 ﾠwith	 ﾠ10dB	 ﾠextinction	 ﾠratio
48	 ﾠand	 ﾠ50Gbit/s	 ﾠwith	 ﾠa	 ﾠ3dB	 ﾠ
extinction	 ﾠ ratio
49	 ﾠhas	 ﾠ been	 ﾠ demonstrated	 ﾠ from	 ﾠ 3.5mm	 ﾠ long	 ﾠ and	 ﾠ 1mm	 ﾠ long	 ﾠ phase	 ﾠ shifters	 ﾠ of	 ﾠ
efficiency	 ﾠ ~2.7V.cm,	 ﾠ respectively.	 ﾠ The	 ﾠ optical	 ﾠ loss	 ﾠ in	 ﾠ the	 ﾠ phase	 ﾠ modulator	 ﾠ is	 ﾠ 4dB/mm	 ﾠ excluding	 ﾠ
passive	 ﾠwaveguide	 ﾠloss,	 ﾠwith	 ﾠthe	 ﾠlargest	 ﾠcontribution	 ﾠcoming	 ﾠfrom	 ﾠthe	 ﾠinteraction	 ﾠwith	 ﾠthe	 ﾠhighly	 ﾠ
doped	 ﾠ regions.	 ﾠ It	 ﾠ was	 ﾠ later	 ﾠ shown	 ﾠ that	 ﾠ by	 ﾠ increasing	 ﾠ the	 ﾠ separation	 ﾠ of	 ﾠ these	 ﾠ regions	 ﾠ from	 ﾠ the	 ﾠ
waveguide	 ﾠby	 ﾠ100nm	 ﾠthe	 ﾠoptical	 ﾠloss	 ﾠcould	 ﾠbe	 ﾠreduced	 ﾠto	 ﾠ1.1dB/mm	 ﾠwith	 ﾠlittle	 ﾠimpact	 ﾠon	 ﾠthe	 ﾠdevice	 ﾠ
speed	 ﾠand	 ﾠefficiency
47.	 ﾠBy	 ﾠangling	 ﾠthe	 ﾠimplantation	 ﾠin	 ﾠthe	 ﾠfinal	 ﾠstep	 ﾠof	 ﾠthe	 ﾠself-ﾭ‐aligned	 ﾠprocess	 ﾠas	 ﾠ
shown	 ﾠin	 ﾠleft	 ﾠimage	 ﾠof	 ﾠfigure	 ﾠ8	 ﾠthe	 ﾠjunction	 ﾠcan	 ﾠbe	 ﾠaccurately	 ﾠpositioned	 ﾠinside	 ﾠthe	 ﾠwaveguide.	 ﾠ
Gardes	 ﾠet	 ﾠal.	 ﾠused	 ﾠthis	 ﾠvariant	 ﾠof	 ﾠthe	 ﾠprocess	 ﾠto	 ﾠproduce	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠshown	 ﾠin	 ﾠthe	 ﾠright	 ﾠof	 ﾠ
figure	 ﾠ8
46.	 ﾠ	 ﾠ	 ﾠ 	 ﾠ
Figure	 ﾠ8	 ﾠ–	 ﾠDiagram	 ﾠshowing	 ﾠhow	 ﾠions	 ﾠimplanted	 ﾠat	 ﾠan	 ﾠangle	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠposition	 ﾠthe	 ﾠpn	 ﾠjunction	 ﾠwithin	 ﾠthe	 ﾠ
rib	 ﾠwaveguide	 ﾠwhilst	 ﾠusing	 ﾠa	 ﾠself-ﾭ‐aligned	 ﾠfabrication	 ﾠprocess
46.	 ﾠ
The	 ﾠaim	 ﾠof	 ﾠthis	 ﾠdevice	 ﾠwas	 ﾠto	 ﾠachieve	 ﾠpolarisation	 ﾠindependence	 ﾠfrom	 ﾠa	 ﾠdevice	 ﾠformed	 ﾠwith	 ﾠa	 ﾠself-ﾭ‐
aligned	 ﾠ process.	 ﾠ The	 ﾠ different	 ﾠ sections	 ﾠ of	 ﾠ n-ﾭ‐type	 ﾠ doping	 ﾠ allowed	 ﾠ more	 ﾠ degrees	 ﾠ of	 ﾠ freedom	 ﾠ to	 ﾠ
balance	 ﾠthe	 ﾠphase	 ﾠefficiencies	 ﾠfor	 ﾠthe	 ﾠfundamental	 ﾠTE	 ﾠand	 ﾠTM	 ﾠmodes.	 ﾠModulation	 ﾠat	 ﾠ10Gbit/s	 ﾠand	 ﾠ
40Gbit/s	 ﾠwas	 ﾠdemonstrated	 ﾠwith	 ﾠthe	 ﾠsame	 ﾠextinction	 ﾠratio	 ﾠfor	 ﾠboth	 ﾠpolarisations	 ﾠ(7.3dB	 ﾠand	 ﾠ6.5dB	 ﾠ
respectively).	 ﾠ Recently	 ﾠ other	 ﾠ research	 ﾠ groups	 ﾠ have	 ﾠ also	 ﾠ used	 ﾠ the	 ﾠ same	 ﾠ self-ﾭ‐aligned	 ﾠ angled	 ﾠ ion	 ﾠ
implantation	 ﾠapproach
50.	 ﾠFurthermore	 ﾠit	 ﾠwas	 ﾠalso	 ﾠlater	 ﾠreported	 ﾠthat	 ﾠthe	 ﾠdevice	 ﾠof	 ﾠMarris-ﾭ‐Morini	 ﾠet	 ﾠ
al.	 ﾠ could	 ﾠ also	 ﾠ be	 ﾠ formed	 ﾠ using	 ﾠ a	 ﾠ self-ﾭ‐aligned	 ﾠ process
51.	 ﾠ The	 ﾠ device	 ﾠ of	 ﾠ Gardes	 ﾠ et	 ﾠ al.	 ﾠ is	 ﾠ a	 ﾠ slightly	 ﾠ
different	 ﾠcategory	 ﾠof	 ﾠdevice	 ﾠwhich	 ﾠcombines	 ﾠdifferent	 ﾠpn	 ﾠjunction	 ﾠtypes,	 ﾠin	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠvertical	 ﾠand	 ﾠ
horizontal	 ﾠpn	 ﾠjunctions.	 ﾠThis	 ﾠfurther	 ﾠcategory	 ﾠof	 ﾠdevice	 ﾠwill	 ﾠbe	 ﾠrevisited	 ﾠlater	 ﾠin	 ﾠthis	 ﾠpaper.	 ﾠThe	 ﾠ
interdigitated/interleaved	 ﾠcategory	 ﾠof	 ﾠdevices	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠfree	 ﾠof	 ﾠalignment	 ﾠerrors.	 ﾠA	 ﾠdiagram	 ﾠof	 ﾠa	 ﾠ
typical	 ﾠdevice	 ﾠof	 ﾠthis	 ﾠtype	 ﾠwas	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ2.	 ﾠ	 ﾠ
In	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠcross	 ﾠsectional	 ﾠdiagram	 ﾠalone	 ﾠdoes	 ﾠnot	 ﾠreveal	 ﾠthe	 ﾠdesign	 ﾠof	 ﾠthe	 ﾠjunction	 ﾠhowever	 ﾠin	 ﾠ
the	 ﾠ plan	 ﾠ view	 ﾠ the	 ﾠ sections	 ﾠ of	 ﾠ p-ﾭ‐type	 ﾠ and	 ﾠ n-ﾭ‐type	 ﾠ doping	 ﾠ along	 ﾠ the	 ﾠ waveguide	 ﾠ can	 ﾠ be	 ﾠ seen.	 ﾠ
Theoretically	 ﾠvery	 ﾠhigh	 ﾠmodulation	 ﾠefficiencies	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠwith	 ﾠthis	 ﾠtype	 ﾠof	 ﾠdevice	 ﾠsince	 ﾠthe	 ﾠ
relative	 ﾠdensity	 ﾠof	 ﾠdepletion	 ﾠregion	 ﾠin	 ﾠthe	 ﾠwaveguide	 ﾠis	 ﾠhigher	 ﾠthan	 ﾠin	 ﾠthe	 ﾠother	 ﾠtwo	 ﾠcategories	 ﾠof	 ﾠ
device	 ﾠif	 ﾠthe	 ﾠperiod	 ﾠof	 ﾠthe	 ﾠp-ﾭ‐type	 ﾠand	 ﾠn-ﾭ‐type	 ﾠregions	 ﾠis	 ﾠsmall.	 ﾠWith	 ﾠthis	 ﾠincrease	 ﾠin	 ﾠdepletion	 ﾠvolume	 ﾠ
comes	 ﾠan	 ﾠincrease	 ﾠin	 ﾠcapacitance	 ﾠper	 ﾠunit	 ﾠlength	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠdetrimental	 ﾠin	 ﾠterms	 ﾠof	 ﾠdevice	 ﾠspeed	 ﾠ
and	 ﾠpower	 ﾠconsumption.	 ﾠAs	 ﾠmentioned	 ﾠabove,	 ﾠtolerance	 ﾠto	 ﾠalignment	 ﾠerrors	 ﾠis	 ﾠpossible	 ﾠwith	 ﾠthis	 ﾠ
structure.	 ﾠIt	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠif	 ﾠthe	 ﾠoverlap	 ﾠof	 ﾠthe	 ﾠdoped	 ﾠregions	 ﾠwith	 ﾠthe	 ﾠwaveguide	 ﾠis	 ﾠlarger	 ﾠthan	 ﾠ
the	 ﾠoptical	 ﾠmode	 ﾠplus	 ﾠthe	 ﾠalignment	 ﾠaccuracy	 ﾠof	 ﾠthe	 ﾠtools	 ﾠused	 ﾠto	 ﾠfabricate	 ﾠthe	 ﾠdevice.	 ﾠThe	 ﾠnegative	 ﾠ
impact	 ﾠof	 ﾠincreasing	 ﾠthe	 ﾠoverlap	 ﾠis	 ﾠagain	 ﾠthe	 ﾠincreased	 ﾠcapacitance	 ﾠper	 ﾠunit	 ﾠlength.	 ﾠThe	 ﾠfirst	 ﾠof	 ﾠsuch	 ﾠ
devices	 ﾠ was	 ﾠ proposed	 ﾠ in	 ﾠ 2009	 ﾠ by	 ﾠ Li	 ﾠ et	 ﾠ al.
52.	 ﾠ Recently	 ﾠ there	 ﾠ has	 ﾠ also	 ﾠ been	 ﾠ some	 ﾠ experimental	 ﾠ









































53	 ﾠ 450	 ﾠ 340	 ﾠ 80	 ﾠ 2e17	 ﾠ 2e17	 ﾠ 600	 ﾠ 0	 ﾠ 1000	 ﾠ 1.7	 ﾠ(@3V)	 ﾠ 1	 ﾠ 0.65	 ﾠ 44	 ﾠ
54	 ﾠ 500	 ﾠ 340	 ﾠ 80	 ﾠ 2e17	 ﾠ 2e17	 ﾠ 600	 ﾠ 100	 ﾠ 500	 ﾠ 1.4	 ﾠ(@3V)	 ﾠ 1.7	 ﾠ 0.34	 ﾠ 25	 ﾠ
55	 ﾠ 420	 ﾠ 390	 ﾠ 100	 ﾠ 4e17	 ﾠ 1e18	 ﾠ 700*	 ﾠ 0	 ﾠ -ﾭ‐	 ﾠ 3	 ﾠ(@3V)	 ﾠ -ﾭ‐	 ﾠ 0.2	 ﾠ 10	 ﾠ
38	 ﾠ 500	 ﾠ 220	 ﾠ 150	 ﾠ 2e18	 ﾠ 2e18	 ﾠ 500	 ﾠ 550	 ﾠ 1000	 ﾠ 0.8	 ﾠ(@4V)	 ﾠ 3.5	 ﾠ 1.6	 ﾠ 10	 ﾠ
*P	 ﾠregion	 ﾠis	 ﾠ400nm,	 ﾠN	 ﾠregion	 ﾠis	 ﾠ300nm	 ﾠ
Table	 ﾠ4	 ﾠ–	 ﾠComparison	 ﾠof	 ﾠinterleaved/interdigitated	 ﾠpn	 ﾠjunction	 ﾠmodulators.	 ﾠ
A	 ﾠ further	 ﾠ approach	 ﾠ as	 ﾠ briefly	 ﾠ mentioned	 ﾠ above	 ﾠ is	 ﾠ a	 ﾠ junction	 ﾠ design	 ﾠ which	 ﾠ encompasses	 ﾠ a	 ﾠ
combination	 ﾠ of	 ﾠ vertical,	 ﾠ horizontal	 ﾠ and	 ﾠ interleaved	 ﾠ sections.	 ﾠ A	 ﾠ device	 ﾠ with	 ﾠ a	 ﾠ combination	 ﾠ of	 ﾠ
horizontal	 ﾠand	 ﾠinterleaved	 ﾠjunctions	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠif	 ﾠa	 ﾠnegative	 ﾠoverlap	 ﾠwith	 ﾠthe	 ﾠwaveguide	 ﾠis	 ﾠused.	 ﾠIn	 ﾠthis	 ﾠcase	 ﾠa	 ﾠhorizontal	 ﾠjunction	 ﾠexists	 ﾠon	 ﾠthe	 ﾠsides	 ﾠof	 ﾠthe	 ﾠinterleaved	 ﾠdoped	 ﾠregions.	 ﾠThis	 ﾠ
approach	 ﾠmay	 ﾠenable	 ﾠoptimising	 ﾠa	 ﾠtrade-ﾭ‐off	 ﾠof	 ﾠefficiency	 ﾠand	 ﾠcapacitance;	 ﾠhowever	 ﾠit	 ﾠwill	 ﾠnow	 ﾠbe	 ﾠ
sensitive	 ﾠto	 ﾠalignment	 ﾠerrors	 ﾠin	 ﾠthe	 ﾠfabrication.	 ﾠAnother	 ﾠway	 ﾠto	 ﾠachieve	 ﾠa	 ﾠcombination	 ﾠof	 ﾠhorizontal	 ﾠ
and	 ﾠinterleaved	 ﾠjunctions	 ﾠis	 ﾠto	 ﾠhave	 ﾠa	 ﾠzigzag	 ﾠshape	 ﾠrunning	 ﾠalong	 ﾠthe	 ﾠwaveguide	 ﾠas	 ﾠdemonstrated	 ﾠin	 ﾠ
a	 ﾠdevice	 ﾠby	 ﾠXiao	 ﾠet	 ﾠal.	 ﾠ
56	 ﾠand	 ﾠis	 ﾠdepicted	 ﾠin	 ﾠfigure	 ﾠ9.	 ﾠ
	 ﾠ
Figure	 ﾠ9	 ﾠ–	 ﾠCross	 ﾠsectional	 ﾠ(top)	 ﾠand	 ﾠplan	 ﾠ(bottom)	 ﾠdiagrams	 ﾠof	 ﾠzigzag	 ﾠphase	 ﾠmodulators
56.	 ﾠ	 ﾠ
Their	 ﾠdevice	 ﾠwas	 ﾠbased	 ﾠin	 ﾠrib	 ﾠwaveguides	 ﾠof	 ﾠheight	 ﾠ340nm,	 ﾠwidth	 ﾠ500nm	 ﾠand	 ﾠslab	 ﾠheight	 ﾠ80nm.	 ﾠThe	 ﾠ
doping	 ﾠ concentrations	 ﾠ of	 ﾠ the	 ﾠ p-ﾭ‐type	 ﾠ and	 ﾠ n-ﾭ‐type	 ﾠ regions	 ﾠ was	 ﾠ 2e17.cm
-ﾭ‐3,	 ﾠ whilst	 ﾠ the	 ﾠ separation	 ﾠ
between	 ﾠthe	 ﾠhighly	 ﾠdoped	 ﾠregions	 ﾠand	 ﾠthe	 ﾠrib	 ﾠedge	 ﾠwas	 ﾠ500nm.	 ﾠWith	 ﾠthis	 ﾠapproach	 ﾠthe	 ﾠauthors	 ﾠ
reported	 ﾠa	 ﾠphase	 ﾠefficiency	 ﾠof	 ﾠ1.7	 ﾠV.cm	 ﾠwith	 ﾠmodulation	 ﾠup	 ﾠto	 ﾠ44Gbit/s.	 ﾠThe	 ﾠcapacitance	 ﾠof	 ﾠthe	 ﾠ
phase	 ﾠmodulator	 ﾠwas	 ﾠapproximately	 ﾠ0.7fF/μm,	 ﾠhowever	 ﾠthe	 ﾠoptical	 ﾠloss	 ﾠdue	 ﾠto	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠ
was	 ﾠnot	 ﾠreported.	 ﾠ	 ﾠ
As	 ﾠmentioned	 ﾠwhen	 ﾠdiscussing	 ﾠthe	 ﾠdevice	 ﾠof	 ﾠGardes	 ﾠet	 ﾠal.	 ﾠ
46	 ﾠas	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ7	 ﾠ(right)	 ﾠit	 ﾠis	 ﾠalso	 ﾠ
possible	 ﾠto	 ﾠcombine	 ﾠvertical	 ﾠand	 ﾠhorizontal	 ﾠjunction	 ﾠtype	 ﾠdevices.	 ﾠSuch	 ﾠan	 ﾠapproach	 ﾠhas	 ﾠalso	 ﾠbeen	 ﾠ
proposed	 ﾠby	 ﾠSpector	 ﾠet	 ﾠal.
57	 ﾠand	 ﾠdemonstrated	 ﾠrecently	 ﾠby	 ﾠLiow	 ﾠet	 ﾠal.
50.	 ﾠThe	 ﾠdevice	 ﾠof	 ﾠLiow	 ﾠet	 ﾠal.	 ﾠwas	 ﾠ
similar	 ﾠto	 ﾠthat	 ﾠshown	 ﾠin	 ﾠfigure	 ﾠ7	 ﾠwithout	 ﾠthe	 ﾠn-ﾭ‐type	 ﾠregion	 ﾠon	 ﾠthe	 ﾠright	 ﾠhand	 ﾠrib	 ﾠedge.	 ﾠThe	 ﾠauthors	 ﾠ
motivation	 ﾠfor	 ﾠthis	 ﾠdesign	 ﾠwas	 ﾠto	 ﾠproduce	 ﾠa	 ﾠdevice	 ﾠwith	 ﾠa	 ﾠvertical	 ﾠjunction	 ﾠwithout	 ﾠrequiring	 ﾠa	 ﾠtop	 ﾠ
contact.	 ﾠ The	 ﾠ authors	 ﾠ compared	 ﾠ a	 ﾠ horizontal	 ﾠ junction	 ﾠ device	 ﾠ and	 ﾠ this	 ﾠ device	 ﾠ achieving	 ﾠ phase	 ﾠ
efficiencies	 ﾠ of	 ﾠ 2.56V.cm	 ﾠ and	 ﾠ 1.12V.cm	 ﾠ respectively,	 ﾠ which	 ﾠ demonstrates	 ﾠ the	 ﾠ advantage	 ﾠ of	 ﾠ this	 ﾠ
approach.	 ﾠ
Resenberg	 ﾠ et	 ﾠ al.	 ﾠ recently	 ﾠ presented	 ﾠ a	 ﾠ device	 ﾠ that	 ﾠ combines	 ﾠ vertical,	 ﾠ horizontal	 ﾠ and	 ﾠ interleaved	 ﾠ
junctions	 ﾠas	 ﾠdepicted	 ﾠin	 ﾠfigure	 ﾠ10	 ﾠ
58.	 ﾠThe	 ﾠdoping	 ﾠdensities	 ﾠof	 ﾠthe	 ﾠp	 ﾠand	 ﾠn-ﾭ‐type	 ﾠregions	 ﾠwas	 ﾠ2e18.cm
-ﾭ‐3,	 ﾠ
the	 ﾠperiod	 ﾠof	 ﾠthe	 ﾠinterleaving	 ﾠ560nm	 ﾠand	 ﾠthe	 ﾠwidth	 ﾠof	 ﾠthe	 ﾠp-ﾭ‐type	 ﾠregion	 ﾠon	 ﾠthe	 ﾠleft	 ﾠedge	 ﾠof	 ﾠthe	 ﾠ
waveguide	 ﾠ100nm.	 ﾠThe	 ﾠtarget	 ﾠthickness	 ﾠof	 ﾠthe	 ﾠp-ﾭ‐type	 ﾠregion	 ﾠat	 ﾠthe	 ﾠtop	 ﾠof	 ﾠthe	 ﾠrib	 ﾠwas	 ﾠ110nm.	 ﾠWith	 ﾠ
this	 ﾠdevice	 ﾠthe	 ﾠauthors	 ﾠachieved	 ﾠan	 ﾠimpressive	 ﾠphase	 ﾠefficiency	 ﾠof	 ﾠ0.84V.cm	 ﾠfor	 ﾠ-ﾭ‐2V	 ﾠreverse	 ﾠbias.	 ﾠA	 ﾠ
capacitance	 ﾠof	 ﾠ0.65fF/um	 ﾠwas	 ﾠreported	 ﾠwith	 ﾠan	 ﾠoptical	 ﾠloss	 ﾠof	 ﾠ3.5dB/mm.	 ﾠOptical	 ﾠeye	 ﾠdiagrams	 ﾠup	 ﾠto	 ﾠ
40Gbit/s	 ﾠwere	 ﾠpresented.	 ﾠ	 ﾠ
Figure	 ﾠ10	 ﾠ–	 ﾠCross	 ﾠsectional	 ﾠdiagrams	 ﾠof	 ﾠsection	 ﾠ1	 ﾠ(top	 ﾠleft)	 ﾠand	 ﾠsection	 ﾠ2	 ﾠ(bottom	 ﾠleft)	 ﾠand	 ﾠplan	 ﾠview	 ﾠ(right)	 ﾠof	 ﾠ
phase	 ﾠmodulator	 ﾠwith	 ﾠvertical,	 ﾠhorizontal	 ﾠand	 ﾠinterleaved	 ﾠpn	 ﾠjunctions
58.	 ﾠ
To	 ﾠsummarise	 ﾠthis	 ﾠsection	 ﾠthe	 ﾠmerits	 ﾠand	 ﾠshortcomings	 ﾠof	 ﾠeach	 ﾠapproach	 ﾠwill	 ﾠbe	 ﾠdiscussed.	 ﾠ	 ﾠ
One	 ﾠdisadvantage	 ﾠof	 ﾠthe	 ﾠpurely	 ﾠvertical	 ﾠstructure	 ﾠis	 ﾠthe	 ﾠneed	 ﾠto	 ﾠelectrically	 ﾠcontact	 ﾠto	 ﾠboth	 ﾠthe	 ﾠtop	 ﾠ
and	 ﾠthe	 ﾠbase	 ﾠof	 ﾠthe	 ﾠwaveguide,	 ﾠmeaning	 ﾠthat	 ﾠa	 ﾠconventional	 ﾠrib	 ﾠwaveguide	 ﾠstructure	 ﾠcannot	 ﾠbe	 ﾠused.	 ﾠ
A	 ﾠslab	 ﾠsection	 ﾠis	 ﾠrequired	 ﾠon	 ﾠat	 ﾠleast	 ﾠone	 ﾠside	 ﾠof	 ﾠthe	 ﾠtop	 ﾠsection	 ﾠof	 ﾠthe	 ﾠwaveguide.	 ﾠHence	 ﾠthe	 ﾠ
formation	 ﾠof	 ﾠthis	 ﾠdevice	 ﾠtherefore	 ﾠused	 ﾠa	 ﾠsilicon	 ﾠgrowth	 ﾠprocess	 ﾠwhich	 ﾠwould	 ﾠnot	 ﾠbe	 ﾠrequired	 ﾠwith	 ﾠ
the	 ﾠother	 ﾠconfigurations	 ﾠof	 ﾠcarrier	 ﾠdepletion	 ﾠmodulator.	 ﾠ
The	 ﾠfabrication	 ﾠof	 ﾠhorizontal	 ﾠand	 ﾠinterleaved	 ﾠjunction	 ﾠdevices	 ﾠis	 ﾠmore	 ﾠstraightforward	 ﾠand	 ﾠthey	 ﾠcan	 ﾠ
be	 ﾠbased	 ﾠin	 ﾠa	 ﾠconventional	 ﾠrib	 ﾠwaveguide	 ﾠstructure	 ﾠas	 ﾠelectrical	 ﾠcontacts	 ﾠcan	 ﾠbe	 ﾠformed	 ﾠthrough	 ﾠthe	 ﾠ
slab	 ﾠregions	 ﾠon	 ﾠeither	 ﾠside	 ﾠof	 ﾠthe	 ﾠwaveguide.	 ﾠ
	 ﾠ
4.  Current	 ﾠresearch	 ﾠtrends	 ﾠ
It	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠphase	 ﾠmodulators	 ﾠhas	 ﾠimproved	 ﾠdramatically	 ﾠin	 ﾠrecent	 ﾠyears.	 ﾠ





56,	 ﾠphase	 ﾠefficiencies	 ﾠbelow	 ﾠ1V.cm	 ﾠ
58,	 ﾠpower	 ﾠ
consumption	 ﾠdown	 ﾠto	 ﾠ2fJ/bit	 ﾠ
59	 ﾠand	 ﾠloss	 ﾠat	 ﾠ1dB/mm	 ﾠand	 ﾠbelow	 ﾠ
51	 ﾠ
43	 ﾠ
53	 ﾠhave	 ﾠbeen	 ﾠdemonstrated	 ﾠ
although	 ﾠ not	 ﾠ with	 ﾠ all	 ﾠ these	 ﾠ parameters	 ﾠ together.	 ﾠ Continual	 ﾠ improvements	 ﾠ in	 ﾠ the	 ﾠ device	 ﾠ
performance	 ﾠare	 ﾠstill	 ﾠregularly	 ﾠbeing	 ﾠreported.	 ﾠWhilst	 ﾠwork	 ﾠis	 ﾠon-ﾭ‐going	 ﾠin	 ﾠimproving	 ﾠthe	 ﾠperformance	 ﾠ
of	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠelement,	 ﾠresearch	 ﾠis	 ﾠalso	 ﾠactive	 ﾠon	 ﾠof	 ﾠsome	 ﾠemerging	 ﾠresearch	 ﾠareas	 ﾠand	 ﾠ
challenges	 ﾠfor	 ﾠsilicon	 ﾠoptical	 ﾠmodulators.	 ﾠA	 ﾠfew	 ﾠexamples	 ﾠof	 ﾠthat	 ﾠwork	 ﾠare	 ﾠincluded	 ﾠhere.	 ﾠ
4.1.  Silicon	 ﾠbased	 ﾠcarrier	 ﾠdepletion	 ﾠoptical	 ﾠmodulators	 ﾠfor	 ﾠlonger	 ﾠhaul	 ﾠ
applications	 ﾠ
Silicon	 ﾠphotonics	 ﾠis	 ﾠmainly	 ﾠseen	 ﾠas	 ﾠa	 ﾠtechnology	 ﾠfor	 ﾠshort	 ﾠreach	 ﾠlinks.	 ﾠThis	 ﾠis	 ﾠdue	 ﾠto	 ﾠdemanding	 ﾠ
performance	 ﾠrequirements	 ﾠand	 ﾠthe	 ﾠhigh	 ﾠperformance	 ﾠof	 ﾠcomponents	 ﾠformed	 ﾠin	 ﾠmore	 ﾠtraditional	 ﾠ
photonic	 ﾠmaterials	 ﾠsuch	 ﾠas	 ﾠLiNbO3	 ﾠwhich	 ﾠare	 ﾠused	 ﾠfor	 ﾠlonger	 ﾠreach	 ﾠlinks.	 ﾠAs	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠ
silicon	 ﾠoptical	 ﾠmodulator	 ﾠis	 ﾠever	 ﾠimproved,	 ﾠapplication	 ﾠin	 ﾠsystems	 ﾠwith	 ﾠlonger	 ﾠtransmission	 ﾠdistances	 ﾠ
could	 ﾠbe	 ﾠfeasible	 ﾠin	 ﾠthe	 ﾠfuture.	 ﾠFor	 ﾠexample	 ﾠcommercial	 ﾠmodulators	 ﾠused	 ﾠfor	 ﾠlonger	 ﾠhaul	 ﾠlinks	 ﾠreport	 ﾠ
extinction	 ﾠratios	 ﾠin	 ﾠexcess	 ﾠof	 ﾠ13dB
60	 ﾠ
61.	 ﾠRecently	 ﾠthere	 ﾠhave	 ﾠbeen	 ﾠdemonstrations	 ﾠof	 ﾠextinction	 ﾠratios	 ﾠin	 ﾠexcess	 ﾠof	 ﾠ10dB	 ﾠfrom	 ﾠsilicon	 ﾠoptical	 ﾠmodulators	 ﾠ
64	 ﾠ
62	 ﾠwith	 ﾠ18dB	 ﾠdemonstrated	 ﾠin	 ﾠone	 ﾠcase	 ﾠat	 ﾠa	 ﾠdata	 ﾠ
rate	 ﾠ of	 ﾠ 10Gbit/s
47.	 ﾠ Several	 ﾠ groups	 ﾠ have	 ﾠ now	 ﾠ looked	 ﾠ at	 ﾠ using	 ﾠ silicon	 ﾠ modulators	 ﾠ for	 ﾠ long	 ﾠ haul	 ﾠ
applications	 ﾠconsidering	 ﾠadditional	 ﾠperformance	 ﾠmetrics	 ﾠwhich	 ﾠare	 ﾠnot	 ﾠimportant	 ﾠfor	 ﾠshort	 ﾠreach	 ﾠ






65.	 ﾠPlasma	 ﾠdispersion	 ﾠbased	 ﾠsilicon	 ﾠoptical	 ﾠmodulators	 ﾠ
could	 ﾠbe	 ﾠproblematic	 ﾠin	 ﾠterms	 ﾠof	 ﾠchirp	 ﾠthey	 ﾠproduce	 ﾠsince	 ﾠa	 ﾠchange	 ﾠin	 ﾠboth	 ﾠreal	 ﾠand	 ﾠimaginary	 ﾠparts	 ﾠ
of	 ﾠthe	 ﾠrefractive	 ﾠindex	 ﾠoccur	 ﾠwith	 ﾠchanges	 ﾠin	 ﾠfree	 ﾠcarrier	 ﾠdensity.	 ﾠIn	 ﾠLiNbO3	 ﾠmodulators	 ﾠzero	 ﾠchirp	 ﾠ
Mach-ﾭ‐Zehnder	 ﾠmodulators	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠbalancing	 ﾠthe	 ﾠoptical	 ﾠpower	 ﾠin	 ﾠthe	 ﾠtwo	 ﾠwaveguide	 ﾠ
arms	 ﾠand	 ﾠapplying	 ﾠsynchronised	 ﾠbut	 ﾠcomplementary	 ﾠsignals	 ﾠof	 ﾠthe	 ﾠsame	 ﾠamplitude	 ﾠin	 ﾠeither	 ﾠarm	 ﾠ
(dual-ﾭ‐drive	 ﾠoperation).	 ﾠSince	 ﾠthe	 ﾠphase	 ﾠmovements	 ﾠin	 ﾠeither	 ﾠarm	 ﾠcancel	 ﾠand	 ﾠthe	 ﾠoptical	 ﾠpower	 ﾠfrom	 ﾠ
either	 ﾠarm	 ﾠis	 ﾠthe	 ﾠsame	 ﾠno	 ﾠmovement	 ﾠof	 ﾠthe	 ﾠoutput	 ﾠphase	 ﾠoccurs.	 ﾠThe	 ﾠaccompanying	 ﾠmodulation	 ﾠof	 ﾠ
the	 ﾠoptical	 ﾠpower	 ﾠin	 ﾠthe	 ﾠsilicon	 ﾠphase	 ﾠmodulator	 ﾠmeans	 ﾠthat	 ﾠit	 ﾠis	 ﾠnot	 ﾠpossible	 ﾠto	 ﾠbalance	 ﾠthe	 ﾠoptical	 ﾠ
power	 ﾠin	 ﾠeither	 ﾠarm	 ﾠduring	 ﾠmodulation	 ﾠand	 ﾠtherefore	 ﾠa	 ﾠchange	 ﾠin	 ﾠthe	 ﾠMach-ﾭ‐Zehnder	 ﾠInterferometer	 ﾠ
output	 ﾠ phase	 ﾠ with	 ﾠ time	 ﾠ will	 ﾠ occur	 ﾠ (chirp).	 ﾠ The	 ﾠ chirp	 ﾠ from	 ﾠ dual-ﾭ‐drive	 ﾠ silicon	 ﾠ Mach-ﾭ‐Zehnder	 ﾠ
modulators	 ﾠhas	 ﾠbeen	 ﾠstudied	 ﾠby	 ﾠdifferent	 ﾠgroups	 ﾠto	 ﾠassess	 ﾠif	 ﾠits	 ﾠimpact	 ﾠis	 ﾠsignificant.	 ﾠIn	 ﾠour	 ﾠwork
47	 ﾠ
we	 ﾠconfirm	 ﾠthat	 ﾠsome	 ﾠdegree	 ﾠof	 ﾠchirp	 ﾠis	 ﾠproduced	 ﾠin	 ﾠthe	 ﾠdual-ﾭ‐drive	 ﾠcase	 ﾠhowever	 ﾠwhen	 ﾠthe	 ﾠpulse	 ﾠ
propagation	 ﾠover	 ﾠfibre	 ﾠis	 ﾠcompared	 ﾠto	 ﾠthat	 ﾠof	 ﾠa	 ﾠtotally	 ﾠun-ﾭ‐chirped	 ﾠpulse	 ﾠits	 ﾠeffect	 ﾠis	 ﾠnegligible.	 ﾠThis	 ﾠ
has	 ﾠalso	 ﾠbeen	 ﾠconfirmed	 ﾠby	 ﾠGoi	 ﾠet	 ﾠal
64	 ﾠ who	 ﾠshowed	 ﾠa	 ﾠlow-ﾭ‐dispersion-ﾭ‐penalty	 ﾠover	 ﾠtransmission	 ﾠ
lengths	 ﾠ up	 ﾠ to	 ﾠ 80km	 ﾠ with	 ﾠ a	 ﾠ performance	 ﾠ comparable	 ﾠ to	 ﾠ that	 ﾠ of	 ﾠ a	 ﾠ commercial	 ﾠ lithium-ﾭ‐niobate	 ﾠ
modulator.	 ﾠRecently	 ﾠthe	 ﾠuse	 ﾠof	 ﾠmore	 ﾠcomplex	 ﾠmodulation	 ﾠformats	 ﾠfrom	 ﾠsilicon	 ﾠoptical	 ﾠmodulators	 ﾠ






69	 ﾠhas	 ﾠbeen	 ﾠdemonstrated	 ﾠfrom	 ﾠsilicon	 ﾠbased	 ﾠoptical	 ﾠmodulators.	 ﾠ
4.2.  Plasma	 ﾠdispersion	 ﾠbased	 ﾠmodulators	 ﾠfor	 ﾠMID-ﾭ‐IR	 ﾠ
In	 ﾠrecent	 ﾠyears	 ﾠthere	 ﾠhas	 ﾠbeen	 ﾠa	 ﾠgrowing	 ﾠinterest	 ﾠin	 ﾠthe	 ﾠuse	 ﾠof	 ﾠgroup-ﾭ‐IV	 ﾠmaterials	 ﾠfor	 ﾠmid-ﾭ‐infrared	 ﾠ
wavelength	 ﾠphotonics	 ﾠ
70,	 ﾠmotivated	 ﾠby	 ﾠpossible	 ﾠapplications	 ﾠin	 ﾠtelecommunications	 ﾠin	 ﾠthe	 ﾠ2.0-ﾭ‐2.5µm	 ﾠ
range,	 ﾠ and	 ﾠ at	 ﾠ longer	 ﾠ wavelengths	 ﾠ in	 ﾠ bio-ﾭ‐chemical	 ﾠ sensing,	 ﾠ gas	 ﾠ sensing	 ﾠ and	 ﾠ related	 ﾠ applications.	 ﾠ
Research	 ﾠgroups	 ﾠhave	 ﾠbegun	 ﾠto	 ﾠinvestigate	 ﾠmodulation	 ﾠin	 ﾠsilicon	 ﾠin	 ﾠthe	 ﾠmid-ﾭ‐IR.	 ﾠ
For	 ﾠNIR	 ﾠwavelengths	 ﾠthe	 ﾠSoref	 ﾠand	 ﾠBennett	 ﾠequations	 ﾠ
71	 ﾠare	 ﾠused	 ﾠfor	 ﾠpredicting	 ﾠthe	 ﾠsize	 ﾠof	 ﾠthe	 ﾠfree-ﾭ‐
carrier	 ﾠplasma	 ﾠdispersion	 ﾠeffect	 ﾠin	 ﾠsilicon,	 ﾠbut	 ﾠas	 ﾠthe	 ﾠeffect	 ﾠis	 ﾠwavelength	 ﾠdependent	 ﾠthose	 ﾠequations	 ﾠ
cannot	 ﾠbe	 ﾠused	 ﾠin	 ﾠthe	 ﾠmid-ﾭ‐IR.	 ﾠNedeljkovic	 ﾠet	 ﾠal.	 ﾠ
72	 ﾠhave	 ﾠcalculated	 ﾠpredictions	 ﾠfor	 ﾠthe	 ﾠchange	 ﾠin	 ﾠ
refractive	 ﾠ index	 ﾠ and	 ﾠ change	 ﾠ in	 ﾠ absorption	 ﾠ coefficient	 ﾠ for	 ﾠ a	 ﾠ given	 ﾠ change	 ﾠ in	 ﾠ charge	 ﾠ carrier	 ﾠ
concentration	 ﾠat	 ﾠwavelengths	 ﾠin	 ﾠthe	 ﾠ1.3-ﾭ‐14µm	 ﾠrange,	 ﾠusing	 ﾠthe	 ﾠsame	 ﾠsemi-ﾭ‐empirical	 ﾠapproach	 ﾠused	 ﾠ
by	 ﾠSoref	 ﾠand	 ﾠBennett.	 ﾠThe	 ﾠchange	 ﾠin	 ﾠabsorption	 ﾠcoefficient	 ﾠwas	 ﾠcalculated	 ﾠfrom	 ﾠthe	 ﾠabsorption	 ﾠ
spectra	 ﾠof	 ﾠheavily	 ﾠdoped	 ﾠsilicon	 ﾠwafers	 ﾠfound	 ﾠin	 ﾠliterature,	 ﾠand	 ﾠthe	 ﾠchange	 ﾠin	 ﾠrefractive	 ﾠindex	 ﾠwas	 ﾠ
derived	 ﾠfrom	 ﾠthe	 ﾠchange	 ﾠin	 ﾠabsorption	 ﾠspectra	 ﾠby	 ﾠway	 ﾠof	 ﾠthe	 ﾠKramers-ﾭ‐Kronig	 ﾠrelations.	 ﾠThey	 ﾠfound	 ﾠ
that	 ﾠthe	 ﾠsize	 ﾠof	 ﾠthe	 ﾠeffect	 ﾠis	 ﾠapproximately	 ﾠproportional	 ﾠto	 ﾠλ
2,	 ﾠas	 ﾠdescribed	 ﾠby	 ﾠthe	 ﾠDrude-ﾭ‐Lorentz	 ﾠ
model.	 ﾠThey	 ﾠpredict	 ﾠthat	 ﾠfor	 ﾠmodulators	 ﾠoperating	 ﾠat	 ﾠλ	 ﾠ>	 ﾠ4µm	 ﾠit	 ﾠwould	 ﾠbe	 ﾠmore	 ﾠeffective	 ﾠto	 ﾠdepart	 ﾠ
from	 ﾠNIR	 ﾠmodulator	 ﾠdesign	 ﾠwhere	 ﾠphase	 ﾠmodulators	 ﾠused	 ﾠin	 ﾠconjunction	 ﾠwith	 ﾠa	 ﾠpassive	 ﾠstructure	 ﾠto	 ﾠ
convert	 ﾠto	 ﾠintensity	 ﾠmodulation,	 ﾠand	 ﾠto	 ﾠuse	 ﾠelectro-ﾭ‐absorption	 ﾠmodulators,	 ﾠwhere	 ﾠmodulation	 ﾠis	 ﾠ
provided	 ﾠby	 ﾠthe	 ﾠchange	 ﾠin	 ﾠabsorption	 ﾠcoefficient	 ﾠdirectly,	 ﾠsuch	 ﾠas	 ﾠsimple	 ﾠcharge-ﾭ‐carrier	 ﾠinjection	 ﾠinto	 ﾠ
a	 ﾠstraight	 ﾠwaveguide.	 ﾠ
Researchers	 ﾠat	 ﾠIBM	 ﾠhave	 ﾠdemonstrated	 ﾠthe	 ﾠfirst	 ﾠSOI	 ﾠmodulator	 ﾠoperating	 ﾠat	 ﾠ2165nm	 ﾠ
73,	 ﾠwhich	 ﾠis	 ﾠ
based	 ﾠ on	 ﾠ carrier-ﾭ‐injection	 ﾠ in	 ﾠ a	 ﾠ Mach-ﾭ‐Zehnder	 ﾠ interferometer,	 ﾠ with	 ﾠ 1mm	 ﾠ long	 ﾠ p-ﾭ‐i-ﾭ‐n	 ﾠ diode	 ﾠ phase	 ﾠ
shifters	 ﾠin	 ﾠeach	 ﾠarm.	 ﾠUsing	 ﾠpre-ﾭ‐emphasis	 ﾠthey	 ﾠachieve	 ﾠbitrates	 ﾠup	 ﾠto	 ﾠ3Gbps,	 ﾠan	 ﾠinsertion	 ﾠloss	 ﾠof	 ﾠ
9.0dB	 ﾠand	 ﾠa	 ﾠVπL	 ﾠfigure	 ﾠof	 ﾠmerit	 ﾠof	 ﾠ0.012V.cm.	 ﾠThe	 ﾠrib	 ﾠwaveguides	 ﾠwere	 ﾠsimilar	 ﾠto	 ﾠthose	 ﾠcommon	 ﾠin	 ﾠ
NIR	 ﾠdevices	 ﾠ(width	 ﾠx	 ﾠheight	 ﾠ=	 ﾠ500	 ﾠx	 ﾠ220nm,	 ﾠwith	 ﾠ170nm	 ﾠetch	 ﾠdepth).	 ﾠThe	 ﾠauthors	 ﾠdo	 ﾠnot	 ﾠcompare	 ﾠ
their	 ﾠresults	 ﾠto	 ﾠthe	 ﾠmodulation	 ﾠpredictions	 ﾠin	 ﾠ[72].	 ﾠ
4.3.  Silicon	 ﾠbased	 ﾠcarrier	 ﾠdepletion	 ﾠmodulator	 ﾠfor	 ﾠshort	 ﾠreach	 ﾠlinks.	 ﾠ	 ﾠAs	 ﾠdiscussed	 ﾠin	 ﾠsection	 ﾠ4.1	 ﾠthe	 ﾠtarget	 ﾠapplication	 ﾠareas	 ﾠfor	 ﾠsilicon	 ﾠphotonics	 ﾠare	 ﾠin	 ﾠshorter	 ﾠreach	 ﾠ
links	 ﾠwhere	 ﾠthe	 ﾠperformance	 ﾠrequirements	 ﾠare	 ﾠrelaxed	 ﾠfrom	 ﾠthose	 ﾠrequired	 ﾠfor	 ﾠtraditional	 ﾠlong	 ﾠhaul	 ﾠ
photonic	 ﾠ links.	 ﾠ The	 ﾠ power	 ﾠ consumption	 ﾠ becomes	 ﾠ a	 ﾠ key	 ﾠ concern	 ﾠ especially	 ﾠ as	 ﾠ the	 ﾠ link	 ﾠ reach	 ﾠ is	 ﾠ
decreased	 ﾠand	 ﾠthe	 ﾠdensity	 ﾠof	 ﾠlinks	 ﾠincreases.	 ﾠIn	 ﾠrecent	 ﾠyears	 ﾠproducing	 ﾠlow	 ﾠpower	 ﾠconsumption	 ﾠ
silicon	 ﾠoptical	 ﾠmodulators	 ﾠhas	 ﾠbeen	 ﾠa	 ﾠfocus	 ﾠarea	 ﾠfor	 ﾠmany	 ﾠgroups	 ﾠwho	 ﾠhave	 ﾠfollowed	 ﾠdifferent	 ﾠroutes.	 ﾠ
As	 ﾠ was	 ﾠ discussed	 ﾠ in	 ﾠ section	 ﾠ 2	 ﾠ the	 ﾠ length	 ﾠ of	 ﾠ a	 ﾠ typical	 ﾠ Mach-ﾭ‐Zehnder	 ﾠ based	 ﾠ carrier	 ﾠ depletion	 ﾠ
modulator	 ﾠrequires	 ﾠtravelling	 ﾠwave	 ﾠelectrodes	 ﾠto	 ﾠbe	 ﾠused	 ﾠwith	 ﾠa	 ﾠ50	 ﾠOhm	 ﾠtermination.	 ﾠAny	 ﾠpower	 ﾠnot	 ﾠ
consumed	 ﾠ by	 ﾠ the	 ﾠ modulator	 ﾠ will	 ﾠ be	 ﾠ dissipated	 ﾠ in	 ﾠ the	 ﾠ termination	 ﾠ and	 ﾠ therefore	 ﾠ only	 ﾠ the	 ﾠ drive	 ﾠ
voltage	 ﾠ (and	 ﾠ termination	 ﾠ impedance)	 ﾠ dictate	 ﾠ the	 ﾠ power	 ﾠ consumption	 ﾠ of	 ﾠ the	 ﾠ device.	 ﾠ If	 ﾠ it	 ﾠ is	 ﾠ not	 ﾠ
practical	 ﾠ to	 ﾠ employ	 ﾠ a	 ﾠ DC	 ﾠ block	 ﾠ between	 ﾠ the	 ﾠ device	 ﾠ and	 ﾠ the	 ﾠ termination,	 ﾠ additional	 ﾠ DC	 ﾠ power	 ﾠ
consumption	 ﾠshould	 ﾠbe	 ﾠavoided	 ﾠby	 ﾠoperating	 ﾠaround	 ﾠzero	 ﾠvolts	 ﾠwith	 ﾠan	 ﾠRF	 ﾠdrive	 ﾠamplitude	 ﾠwhich	 ﾠis	 ﾠ
low	 ﾠenough	 ﾠnot	 ﾠto	 ﾠcause	 ﾠthe	 ﾠdevice	 ﾠto	 ﾠgo	 ﾠinto	 ﾠthe	 ﾠcarrier	 ﾠinjection	 ﾠregime.	 ﾠThis	 ﾠapproach	 ﾠhas	 ﾠbeen	 ﾠ
followed	 ﾠby	 ﾠDing	 ﾠet	 ﾠal.	 ﾠwhere	 ﾠa	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠ146fJ/bit	 ﾠwas	 ﾠachieved	 ﾠ
39.	 ﾠThe	 ﾠkey	 ﾠin	 ﾠthese	 ﾠ
devices	 ﾠis	 ﾠto	 ﾠuse	 ﾠhighly	 ﾠefficient	 ﾠphase	 ﾠmodulators	 ﾠin	 ﾠorder	 ﾠto	 ﾠproduce	 ﾠa	 ﾠsufficient	 ﾠmodulation	 ﾠdepth	 ﾠ
with	 ﾠ a	 ﾠ lower	 ﾠ drive	 ﾠ voltage.	 ﾠ Employing	 ﾠ a	 ﾠ slow	 ﾠ light	 ﾠ waveguide	 ﾠ in	 ﾠ which	 ﾠ to	 ﾠ produce	 ﾠ the	 ﾠ phase	 ﾠ
modulator	 ﾠis	 ﾠone	 ﾠpossibility	 ﾠto	 ﾠachieve	 ﾠa	 ﾠhigh	 ﾠefficiency	 ﾠ
40	 ﾠ
74.	 ﾠDispersion	 ﾠengineering	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠ
mitigate	 ﾠagainst	 ﾠthe	 ﾠproblem	 ﾠof	 ﾠwavelength	 ﾠand	 ﾠtemperature	 ﾠsensitivity	 ﾠwhich	 ﾠthese	 ﾠdevices	 ﾠusually	 ﾠ
suffer	 ﾠfrom	 ﾠto	 ﾠsome	 ﾠextent	 ﾠ
74.	 ﾠ
A	 ﾠmore	 ﾠpopular	 ﾠtechnique	 ﾠis	 ﾠto	 ﾠuse	 ﾠa	 ﾠresonant	 ﾠstructure	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠis	 ﾠfabricated,	 ﾠ
for	 ﾠexample	 ﾠa	 ﾠring	 ﾠor	 ﾠa	 ﾠdisk	 ﾠresonator.	 ﾠThese	 ﾠdevices	 ﾠproduce	 ﾠintensity	 ﾠmodulation	 ﾠby	 ﾠshifting	 ﾠthe	 ﾠ
resonance	 ﾠwavelength	 ﾠon	 ﾠand	 ﾠoff	 ﾠthe	 ﾠinput	 ﾠwavelength	 ﾠthrough	 ﾠoperation	 ﾠof	 ﾠthe	 ﾠphase	 ﾠmodulator.	 ﾠ
Since	 ﾠthe	 ﾠdevice	 ﾠcan	 ﾠbe	 ﾠdriven	 ﾠas	 ﾠa	 ﾠlumped	 ﾠelement,	 ﾠno	 ﾠtermination	 ﾠis	 ﾠrequired	 ﾠand	 ﾠtherefore	 ﾠpower	 ﾠ
dissipation	 ﾠin	 ﾠthe	 ﾠtermination	 ﾠis	 ﾠavoided.	 ﾠSeveral	 ﾠexamples	 ﾠof	 ﾠlow	 ﾠpower	 ﾠand	 ﾠhigh	 ﾠspeed	 ﾠresonant	 ﾠ






76.	 ﾠ The	 ﾠ sensitivity	 ﾠ of	 ﾠ resonant	 ﾠ based	 ﾠ devices	 ﾠ to	 ﾠ
fabrication	 ﾠ variations	 ﾠ and	 ﾠ temperature	 ﾠ changes	 ﾠ require	 ﾠ them	 ﾠ to	 ﾠ be	 ﾠ actively	 ﾠ tuned	 ﾠ to	 ﾠ fix	 ﾠ the	 ﾠ
resonance	 ﾠ wavelength	 ﾠ as	 ﾠ required.	 ﾠ 	 ﾠ Athermal	 ﾠ techniques	 ﾠ can	 ﾠ be	 ﾠ used	 ﾠ to	 ﾠ avoid	 ﾠ the	 ﾠ resonance	 ﾠ
wavelength	 ﾠ shifting	 ﾠ with	 ﾠ temperature	 ﾠ 	 ﾠ
77,	 ﾠ 	 ﾠ however	 ﾠ this	 ﾠ prevents	 ﾠ thermal	 ﾠ tuning	 ﾠ being	 ﾠ used	 ﾠ to	 ﾠ
counter	 ﾠ fabrication	 ﾠ variations.	 ﾠ Active	 ﾠ tuning	 ﾠ can	 ﾠ be	 ﾠ performed	 ﾠ by	 ﾠ incorporating	 ﾠ a	 ﾠ heater	 ﾠ as	 ﾠ
demonstrated	 ﾠ by	 ﾠ Li	 ﾠ et	 ﾠ al.
31	 ﾠ or	 ﾠ by	 ﾠ adding	 ﾠ a	 ﾠ controllable	 ﾠ DC	 ﾠ level	 ﾠ to	 ﾠ the	 ﾠ RF	 ﾠ drive	 ﾠ voltage	 ﾠ if	 ﾠ the	 ﾠ
modulator	 ﾠis	 ﾠefficient	 ﾠenough	 ﾠand	 ﾠthe	 ﾠtuning	 ﾠrange	 ﾠrequired	 ﾠis	 ﾠsufficiently	 ﾠsmall	 ﾠ
78.	 ﾠAn	 ﾠimportant	 ﾠ
consideration	 ﾠis	 ﾠthe	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠthe	 ﾠtuning	 ﾠelement	 ﾠitself	 ﾠand	 ﾠtherefore	 ﾠthe	 ﾠefficiency	 ﾠof	 ﾠ
the	 ﾠ different	 ﾠ heater	 ﾠ architectures	 ﾠ possible
79,	 ﾠ	 ﾠand	 ﾠ methods	 ﾠ to	 ﾠ improve	 ﾠ the	 ﾠ efficiency	 ﾠ
80,	 ﾠ	 ﾠhave	 ﾠ
attracted	 ﾠincreasing	 ﾠresearch	 ﾠinterest	 ﾠrecently.	 ﾠ
	 ﾠ
4.4.  Integration	 ﾠof	 ﾠsilicon	 ﾠphotonic	 ﾠmodulators	 ﾠand	 ﾠdetectors.	 ﾠ	 ﾠ
One	 ﾠof	 ﾠthe	 ﾠkey	 ﾠcited	 ﾠadvantages	 ﾠof	 ﾠsilicon	 ﾠphotonics	 ﾠis	 ﾠthe	 ﾠpotential	 ﾠto	 ﾠco-ﾭ‐fabricate	 ﾠelectronic	 ﾠand	 ﾠ
photonic	 ﾠelements	 ﾠon	 ﾠthe	 ﾠsame	 ﾠpiece	 ﾠof	 ﾠsilicon
81.	 ﾠSuch	 ﾠan	 ﾠapproach	 ﾠis	 ﾠtechnologically	 ﾠelegant	 ﾠand	 ﾠ
also	 ﾠhas	 ﾠthe	 ﾠpotential	 ﾠfor	 ﾠoptimised	 ﾠperformance	 ﾠsince	 ﾠany	 ﾠdegradation	 ﾠintroduced	 ﾠby	 ﾠthe	 ﾠelectrical	 ﾠ
connections	 ﾠbetween	 ﾠdifferent	 ﾠchips	 ﾠshould	 ﾠbe	 ﾠeliminated.	 ﾠOne	 ﾠexample	 ﾠof	 ﾠthis	 ﾠapproach	 ﾠis	 ﾠthat	 ﾠ
followed	 ﾠby	 ﾠLuxtera	 ﾠin	 ﾠthe	 ﾠfabrication	 ﾠof	 ﾠtheir	 ﾠActive	 ﾠoptical	 ﾠcables
82.	 ﾠThe	 ﾠdrawback	 ﾠto	 ﾠsuch	 ﾠan	 ﾠ
approach	 ﾠis	 ﾠthe	 ﾠhigh	 ﾠper-ﾭ‐area	 ﾠcost	 ﾠof	 ﾠhigh	 ﾠperformance	 ﾠelectronic	 ﾠprocessing	 ﾠand	 ﾠthe	 ﾠrelative	 ﾠlarge	 ﾠ
size	 ﾠof	 ﾠthe	 ﾠphotonics	 ﾠelements.	 ﾠThere	 ﾠis	 ﾠalso	 ﾠthe	 ﾠcomplexity	 ﾠof	 ﾠcombining	 ﾠthe	 ﾠprocesses	 ﾠfor	 ﾠthe	 ﾠ
photonic	 ﾠand	 ﾠelectronic	 ﾠcomponents	 ﾠwithout	 ﾠaffecting	 ﾠdevice	 ﾠperformance	 ﾠand	 ﾠthe	 ﾠconsideration	 ﾠof	 ﾠ
the	 ﾠrequired	 ﾠsubstrate	 ﾠin	 ﾠeach	 ﾠcase.	 ﾠA	 ﾠmore	 ﾠcost	 ﾠeffective	 ﾠand	 ﾠless	 ﾠcomplex	 ﾠstrategy	 ﾠcould	 ﾠbe	 ﾠto	 ﾠseparately	 ﾠfabricate	 ﾠphotonic	 ﾠand	 ﾠelectronic	 ﾠchips	 ﾠand	 ﾠthen	 ﾠto	 ﾠintegrate	 ﾠthem	 ﾠby	 ﾠa	 ﾠwire	 ﾠbonding	 ﾠor	 ﾠ
flip	 ﾠchip	 ﾠbonding	 ﾠapproach.	 ﾠThe	 ﾠphotonic	 ﾠchip	 ﾠcan	 ﾠtherefore	 ﾠbe	 ﾠfabricated	 ﾠin	 ﾠa	 ﾠlower	 ﾠspecification	 ﾠ
fabrication	 ﾠfacility	 ﾠat	 ﾠlower	 ﾠcost.	 ﾠ
Wire	 ﾠbonded	 ﾠintegration	 ﾠis	 ﾠoften	 ﾠreferred	 ﾠto	 ﾠas	 ﾠan	 ﾠapproach	 ﾠlimited	 ﾠto	 ﾠlow	 ﾠspeed	 ﾠapplications.	 ﾠThe	 ﾠ
parasitic	 ﾠinductance	 ﾠintroduced	 ﾠby	 ﾠthe	 ﾠbonding	 ﾠwire	 ﾠand	 ﾠparasitic	 ﾠcapacitance	 ﾠintroduced	 ﾠby	 ﾠthe	 ﾠ
bonding	 ﾠpads	 ﾠmay	 ﾠreduce	 ﾠthe	 ﾠbandwidth	 ﾠof	 ﾠthe	 ﾠlink	 ﾠand	 ﾠcause	 ﾠan	 ﾠimpedance	 ﾠdiscontinuity.	 ﾠWithin	 ﾠ
the	 ﾠ UK	 ﾠ Silicon	 ﾠ Photonics	 ﾠ programme	 ﾠ the	 ﾠ wire	 ﾠ bonded	 ﾠ approach	 ﾠ for	 ﾠ integrated	 ﾠ silicon	 ﾠ photonic	 ﾠ
transmitters	 ﾠand	 ﾠreceivers	 ﾠoperating	 ﾠup	 ﾠto	 ﾠ10Gbit/s	 ﾠhas	 ﾠbeen	 ﾠinvestigated.	 ﾠ
Figure	 ﾠ11	 ﾠshows	 ﾠa	 ﾠoptical	 ﾠmicroscope	 ﾠimage	 ﾠof	 ﾠthe	 ﾠintegrated	 ﾠtransmitter	 ﾠmodules	 ﾠwhich	 ﾠhas	 ﾠbeen	 ﾠ
assembled.	 ﾠ The	 ﾠ image	 ﾠ on	 ﾠ the	 ﾠ left	 ﾠ shows	 ﾠ a	 ﾠ CMOS	 ﾠ modulator	 ﾠ driver	 ﾠ and	 ﾠ a	 ﾠ silicon	 ﾠ optical	 ﾠ Mach-ﾭ‐
Zehnder	 ﾠInterferometer	 ﾠmodulator.	 ﾠThe	 ﾠmodulator	 ﾠincorporates	 ﾠ3.5mm	 ﾠlong	 ﾠcarrier	 ﾠdepletion	 ﾠbased	 ﾠ
phase	 ﾠmodulators	 ﾠin	 ﾠeither	 ﾠarm.	 ﾠCoplanar	 ﾠwaveguide	 ﾠ(CPW)	 ﾠelectrodes	 ﾠare	 ﾠused	 ﾠto	 ﾠco-ﾭ‐propagate	 ﾠthe	 ﾠ
10Gbit/s	 ﾠelectrical	 ﾠdrive	 ﾠsignal	 ﾠwith	 ﾠthe	 ﾠlight	 ﾠin	 ﾠthe	 ﾠoptical	 ﾠwaveguide.	 ﾠAt	 ﾠthe	 ﾠend	 ﾠof	 ﾠphase	 ﾠshifters	 ﾠ
the	 ﾠ CPW	 ﾠ electrodes	 ﾠ are	 ﾠ tapered	 ﾠ to	 ﾠ facilitate	 ﾠ wire	 ﾠ bonding.	 ﾠ The	 ﾠ dual	 ﾠ drive	 ﾠ CMOS	 ﾠ driver	 ﾠ was	 ﾠ
fabricated	 ﾠusing	 ﾠthe	 ﾠIBM-ﾭ‐8RF	 ﾠ130nm	 ﾠprocess
83.	 ﾠThe	 ﾠimage	 ﾠon	 ﾠthe	 ﾠright	 ﾠshows	 ﾠa	 ﾠtrans-ﾭ‐impedance	 ﾠ
amplifier	 ﾠwire	 ﾠbonded	 ﾠwith	 ﾠa	 ﾠgermanium	 ﾠoptical	 ﾠdetector.	 ﾠThe	 ﾠTIA	 ﾠwas	 ﾠfabricated	 ﾠusing	 ﾠthe	 ﾠ180nm	 ﾠ
TSMC	 ﾠtechnology
84	 ﾠand	 ﾠthe	 ﾠdetector	 ﾠfabricated	 ﾠat	 ﾠCEA-ﾭ‐LETI
85.	 ﾠ
                          
Figure	 ﾠ11	 ﾠ–	 ﾠOptical	 ﾠmicroscope	 ﾠimage	 ﾠof	 ﾠthe	 ﾠwire	 ﾠbonded	 ﾠcarrier	 ﾠdepletion	 ﾠmodulator	 ﾠand	 ﾠCMOS	 ﾠdriver.	 ﾠ	 ﾠ
	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ 	 ﾠ
Figure	 ﾠ12	 ﾠ–	 ﾠ10Gbit/s	 ﾠOptical	 ﾠeye	 ﾠdiagram	 ﾠfrom	 ﾠthe	 ﾠwire	 ﾠbond	 ﾠintegrated	 ﾠsilicon	 ﾠoptical	 ﾠmodulator	 ﾠand	 ﾠCMOS	 ﾠ
driver	 ﾠ(left)	 ﾠand	 ﾠ10Gbit/s	 ﾠelectrical	 ﾠeye	 ﾠdiagram	 ﾠfrom	 ﾠthe	 ﾠwire	 ﾠbond	 ﾠintegrated	 ﾠoptical	 ﾠdetector	 ﾠand	 ﾠ
transimpeadance	 ﾠamplifier	 ﾠ(right).	 ﾠ
The	 ﾠtransmitter	 ﾠwas	 ﾠtested	 ﾠby	 ﾠapplying	 ﾠcomplementary	 ﾠ10Gbit/s	 ﾠdata	 ﾠsignals	 ﾠto	 ﾠthe	 ﾠinput	 ﾠof	 ﾠthe	 ﾠ
CMOS	 ﾠdriver.	 ﾠCW	 ﾠlaser	 ﾠlight	 ﾠof	 ﾠ1551.38nm	 ﾠwas	 ﾠthen	 ﾠpassed	 ﾠto	 ﾠthe	 ﾠinput	 ﾠof	 ﾠthe	 ﾠmodulator	 ﾠvia	 ﾠsurface	 ﾠ
grating	 ﾠcouplers.	 ﾠThe	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠmodulator	 ﾠwas	 ﾠpassed	 ﾠto	 ﾠa	 ﾠDigital	 ﾠCommuncations	 ﾠAnalyser	 ﾠ(DCA)	 ﾠ
via	 ﾠ an	 ﾠ erbium	 ﾠ doped	 ﾠ fibre	 ﾠ amplifier	 ﾠ (EDFA)	 ﾠ and	 ﾠ bandpass	 ﾠ optical	 ﾠ filter.	 ﾠ The	 ﾠ output	 ﾠ optical	 ﾠ eye	 ﾠ




Modulator	 ﾠby	 ﾠthe	 ﾠEDFA	 ﾠis	 ﾠsubtracted	 ﾠfrom	 ﾠthe	 ﾠ1	 ﾠand	 ﾠ0	 ﾠlevels	 ﾠan	 ﾠextinction	 ﾠratio	 ﾠof	 ﾠ9.8dB	 ﾠresults.	 ﾠThe	 ﾠreceiver	 ﾠ
was	 ﾠtested	 ﾠby	 ﾠapplying	 ﾠan	 ﾠoptical	 ﾠ10Gbit/s	 ﾠsignal	 ﾠgenerated	 ﾠby	 ﾠa	 ﾠcommercial	 ﾠLiNbO3	 ﾠmodulator	 ﾠto	 ﾠ
the	 ﾠdetector.	 ﾠThe	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠTIA	 ﾠwas	 ﾠthen	 ﾠpassed	 ﾠto	 ﾠthe	 ﾠelectrical	 ﾠinput	 ﾠof	 ﾠthe	 ﾠDCA.	 ﾠThe	 ﾠeye	 ﾠ
diagram	 ﾠwith	 ﾠamplitude	 ﾠ110mV	 ﾠis	 ﾠshown	 ﾠin	 ﾠthe	 ﾠright	 ﾠimage	 ﾠof	 ﾠfigure	 ﾠ12.	 ﾠ
From	 ﾠthis	 ﾠit	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠwire	 ﾠbonds	 ﾠhave	 ﾠthe	 ﾠability	 ﾠto	 ﾠbe	 ﾠused	 ﾠfor	 ﾠthe	 ﾠintegration	 ﾠof	 ﾠ10Gbit/s	 ﾠ
elements.	 ﾠIf	 ﾠthe	 ﾠlengths	 ﾠof	 ﾠthe	 ﾠwire	 ﾠbond	 ﾠare	 ﾠminimised	 ﾠthen	 ﾠhigher	 ﾠspeed	 ﾠoperation	 ﾠshould	 ﾠalso	 ﾠbe	 ﾠ
possible;	 ﾠindeed	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠshown	 ﾠelsewhere	 ﾠthat	 ﾠwire	 ﾠbond	 ﾠintegration	 ﾠof	 ﾠsilicon	 ﾠphotonics	 ﾠcan	 ﾠ
operate	 ﾠat	 ﾠ25Gbit/s
86.	 ﾠIt	 ﾠshould	 ﾠbe	 ﾠnoted	 ﾠin	 ﾠthis	 ﾠcase	 ﾠthe	 ﾠlimitation	 ﾠin	 ﾠthe	 ﾠspeed	 ﾠwas	 ﾠset	 ﾠby	 ﾠthe	 ﾠ
electronic	 ﾠelements	 ﾠand	 ﾠthe	 ﾠdetector	 ﾠwhich	 ﾠwere	 ﾠdesigned	 ﾠto	 ﾠoperate	 ﾠup	 ﾠto	 ﾠ10Gbit/s.	 ﾠ	 ﾠ
Summary	 ﾠ
We	 ﾠhave	 ﾠpresented	 ﾠand	 ﾠprovided	 ﾠpublished	 ﾠexamples	 ﾠof	 ﾠthree	 ﾠdifferent	 ﾠconfigurations	 ﾠof	 ﾠcarrier	 ﾠ
depletion	 ﾠphase	 ﾠmodulator	 ﾠin	 ﾠsilicon,	 ﾠas	 ﾠwell	 ﾠas	 ﾠdevices	 ﾠwhich	 ﾠare	 ﾠa	 ﾠmixture	 ﾠof	 ﾠthese	 ﾠconfigurations.	 ﾠ
Each	 ﾠcategory	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠcontains	 ﾠseveral	 ﾠdegrees	 ﾠof	 ﾠfreedom	 ﾠin	 ﾠthe	 ﾠdesign	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠ
tailor	 ﾠa	 ﾠprofile	 ﾠof	 ﾠperformance	 ﾠmetrics	 ﾠas	 ﾠrequired	 ﾠfor	 ﾠa	 ﾠspecific	 ﾠapplication.	 ﾠThere	 ﾠare	 ﾠhowever	 ﾠ
some	 ﾠdistinct	 ﾠadvantages	 ﾠand	 ﾠdisadvantages	 ﾠto	 ﾠeach	 ﾠapproach	 ﾠwhich	 ﾠare	 ﾠsummarised	 ﾠherein.	 ﾠ
Horizontal	 ﾠand	 ﾠinterleaved	 ﾠjunction	 ﾠdevices	 ﾠcan	 ﾠbe	 ﾠelectrically	 ﾠcontacted	 ﾠvia	 ﾠthe	 ﾠslab	 ﾠregions	 ﾠon	 ﾠ
either	 ﾠside	 ﾠof	 ﾠa	 ﾠconventional	 ﾠrib	 ﾠwaveguide,	 ﾠwhereas	 ﾠthe	 ﾠvertical	 ﾠjunction	 ﾠdevice	 ﾠrequires	 ﾠcontact	 ﾠto	 ﾠ
the	 ﾠtop	 ﾠof	 ﾠthe	 ﾠwaveguide.	 ﾠThis	 ﾠmeans	 ﾠthat	 ﾠthe	 ﾠuse	 ﾠof	 ﾠa	 ﾠconventional	 ﾠrib	 ﾠwaveguide	 ﾠis	 ﾠnot	 ﾠpossible	 ﾠin	 ﾠ
the	 ﾠcase	 ﾠof	 ﾠa	 ﾠvertical	 ﾠjunction	 ﾠdevice	 ﾠand	 ﾠthat	 ﾠa	 ﾠgrowth	 ﾠprocess	 ﾠis	 ﾠrequired	 ﾠin	 ﾠthe	 ﾠfabrication	 ﾠwhich	 ﾠis	 ﾠ
more	 ﾠ complex	 ﾠ than	 ﾠ the	 ﾠ implantation	 ﾠ approaches	 ﾠ used	 ﾠ to	 ﾠ form	 ﾠ the	 ﾠ other	 ﾠ two	 ﾠ configurations	 ﾠ of	 ﾠ
device.	 ﾠ
Interleaved	 ﾠdevices	 ﾠwith	 ﾠhigh	 ﾠp	 ﾠand	 ﾠn	 ﾠtype	 ﾠdoping	 ﾠconcentrations	 ﾠcan	 ﾠtheoretically	 ﾠbe	 ﾠfully	 ﾠdepleted	 ﾠ
if	 ﾠthe	 ﾠperiod	 ﾠof	 ﾠthe	 ﾠinterleaving	 ﾠcan	 ﾠbe	 ﾠmade	 ﾠsmall	 ﾠenough.	 ﾠThis	 ﾠmeans	 ﾠthat	 ﾠhighly	 ﾠefficient	 ﾠdevices	 ﾠ
can	 ﾠbe	 ﾠmade	 ﾠwith	 ﾠlow	 ﾠabsorption	 ﾠloss.	 ﾠIn	 ﾠhighly	 ﾠdoped	 ﾠvertical	 ﾠand	 ﾠhorizontal	 ﾠjunction	 ﾠdevices,	 ﾠ
carriers	 ﾠfar	 ﾠfrom	 ﾠthe	 ﾠjunction	 ﾠremain	 ﾠundepleted	 ﾠand	 ﾠtherefore	 ﾠcause	 ﾠhigh	 ﾠoptical	 ﾠlosses	 ﾠlimiting	 ﾠthe	 ﾠ
achievable	 ﾠefficiency.	 ﾠDoping	 ﾠlocalisation	 ﾠmethods	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠovercome	 ﾠthis	 ﾠto	 ﾠsome	 ﾠextent	 ﾠat	 ﾠ
the	 ﾠexpense	 ﾠof	 ﾠfabrication	 ﾠcomplexity.	 ﾠ
The	 ﾠintrinsic	 ﾠbandwidth	 ﾠof	 ﾠthe	 ﾠphase	 ﾠmodulator	 ﾠelement	 ﾠis	 ﾠdictated	 ﾠby	 ﾠthe	 ﾠaccess	 ﾠresistance	 ﾠand	 ﾠ
junction	 ﾠcapacitance.	 ﾠThe	 ﾠpower	 ﾠconsumption	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠinfluenced	 ﾠby	 ﾠthe	 ﾠjunction	 ﾠ
capacitance	 ﾠ depending	 ﾠ on	 ﾠ how	 ﾠ it	 ﾠ is	 ﾠ driven.	 ﾠ The	 ﾠ device	 ﾠ capacitance	 ﾠ which	 ﾠ causes	 ﾠ efficient	 ﾠ
modulation	 ﾠ(or	 ﾠthe	 ﾠcapacitance-ﾭ‐efficiency	 ﾠproduct)	 ﾠis	 ﾠtheoretically	 ﾠhigher	 ﾠ(or	 ﾠworse)	 ﾠin	 ﾠinterleaved	 ﾠ
devices	 ﾠ since	 ﾠ regions	 ﾠ at	 ﾠ the	 ﾠ edges	 ﾠ of	 ﾠ the	 ﾠ waveguide	 ﾠ where	 ﾠ low	 ﾠ optical	 ﾠ power	 ﾠ is	 ﾠ propagating,	 ﾠ	 ﾠ
undergo	 ﾠ the	 ﾠ same	 ﾠ depletion	 ﾠ as	 ﾠ at	 ﾠ the	 ﾠ core.	 ﾠ Doping	 ﾠ localisation	 ﾠ methods	 ﾠ can	 ﾠ again	 ﾠ be	 ﾠ used	 ﾠ to	 ﾠ
counteract	 ﾠthis	 ﾠto	 ﾠsome	 ﾠextent.	 ﾠIn	 ﾠeach	 ﾠcategory	 ﾠof	 ﾠdevice	 ﾠthe	 ﾠaccess	 ﾠresistance	 ﾠcan	 ﾠbe	 ﾠkept	 ﾠlow	 ﾠby	 ﾠ
keeping	 ﾠthe	 ﾠcontacts	 ﾠin	 ﾠclose	 ﾠproximity	 ﾠto	 ﾠthe	 ﾠwaveguide	 ﾠwhilst	 ﾠnot	 ﾠintroducing	 ﾠsignificant	 ﾠoverlap	 ﾠ
with	 ﾠthe	 ﾠoptical	 ﾠmode	 ﾠwhich	 ﾠwould	 ﾠresult	 ﾠin	 ﾠhigh	 ﾠoptical	 ﾠlosses.	 ﾠThe	 ﾠdoping	 ﾠlevels	 ﾠin	 ﾠthe	 ﾠslab	 ﾠregions	 ﾠ
which	 ﾠconnect	 ﾠto	 ﾠthe	 ﾠdevice	 ﾠshould	 ﾠalso	 ﾠbe	 ﾠkept	 ﾠsufficiently	 ﾠhigh	 ﾠin	 ﾠorder	 ﾠto	 ﾠavoid	 ﾠhigh	 ﾠaccess	 ﾠ
resistance.	 ﾠ
Vertical	 ﾠand	 ﾠinterleaved	 ﾠjunction	 ﾠdevices	 ﾠhave	 ﾠa	 ﾠfurther	 ﾠadvantage	 ﾠof	 ﾠbeing	 ﾠinherently	 ﾠalignment	 ﾠ
tolerant	 ﾠ which	 ﾠ simplifies	 ﾠ fabrication;	 ﾠ however	 ﾠ self-ﾭ‐aligned	 ﾠ processes	 ﾠ can	 ﾠ be	 ﾠ used	 ﾠ to	 ﾠ produce	 ﾠ
horizontal	 ﾠdevices	 ﾠwith	 ﾠrelaxed	 ﾠalignment	 ﾠdemands.	 ﾠ
Devices	 ﾠwhich	 ﾠmix	 ﾠthe	 ﾠdifferent	 ﾠjunction	 ﾠtypes	 ﾠcan	 ﾠbring	 ﾠabout	 ﾠfurther	 ﾠadvantages,	 ﾠfor	 ﾠexample,	 ﾠby	 ﾠ
combining	 ﾠ an	 ﾠ interleaved	 ﾠ and	 ﾠ horizontal	 ﾠ junction	 ﾠ device	 ﾠ in	 ﾠ way	 ﾠ such	 ﾠ that	 ﾠ the	 ﾠ pn	 ﾠ junction	 ﾠ is	 ﾠ
corrugated	 ﾠ along	 ﾠ the	 ﾠ centre	 ﾠ of	 ﾠ the	 ﾠ waveguide,	 ﾠ the	 ﾠ efficiency	 ﾠ of	 ﾠ the	 ﾠ horizontal	 ﾠ device	 ﾠ can	 ﾠ be	 ﾠ
improved.	 ﾠSome	 ﾠexcellent	 ﾠdevice	 ﾠperformance	 ﾠhas	 ﾠbeen	 ﾠdemonstrated	 ﾠin	 ﾠthe	 ﾠliterature	 ﾠin	 ﾠrecent	 ﾠyears,	 ﾠwith	 ﾠ
operation	 ﾠin	 ﾠexcess	 ﾠof	 ﾠ40Gbit/s,	 ﾠphase	 ﾠefficiencies	 ﾠbelow	 ﾠ1V.cm,	 ﾠpower	 ﾠconsumption	 ﾠdown	 ﾠto	 ﾠ2fJ/bit	 ﾠ
and	 ﾠloss	 ﾠat	 ﾠ1dB/mm	 ﾠand	 ﾠbelow	 ﾠdemonstrated	 ﾠ(although	 ﾠnot	 ﾠsimultaneously),	 ﾠconfirming	 ﾠthe	 ﾠcarrier	 ﾠ
depletion	 ﾠoptical	 ﾠmodulator	 ﾠas	 ﾠan	 ﾠincreasingly	 ﾠpromising	 ﾠapproach.	 ﾠImproving	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠ
the	 ﾠcarrier	 ﾠdepletion	 ﾠmodulator	 ﾠis	 ﾠhowever	 ﾠan	 ﾠon-ﾭ‐going	 ﾠchallenge.	 ﾠA	 ﾠdevice	 ﾠwhich	 ﾠcombines	 ﾠhigh	 ﾠ
efficiency,	 ﾠlow	 ﾠoptical	 ﾠloss	 ﾠand	 ﾠhigh	 ﾠspeed	 ﾠsimultaneously	 ﾠis	 ﾠstill	 ﾠsought	 ﾠafter.	 ﾠAt	 ﾠthe	 ﾠsame	 ﾠtime	 ﾠ
significant	 ﾠ research	 ﾠ effort	 ﾠ is	 ﾠ devoted	 ﾠ to	 ﾠ the	 ﾠ integration	 ﾠ of	 ﾠ the	 ﾠ carrier	 ﾠ depletion	 ﾠ silicon	 ﾠ optical	 ﾠ
modulator	 ﾠwith	 ﾠelectronics	 ﾠand	 ﾠother	 ﾠphotonic	 ﾠcomponents.	 ﾠ
There	 ﾠare	 ﾠseveral	 ﾠapproaches	 ﾠand	 ﾠchallenges	 ﾠfor	 ﾠintegrating	 ﾠelectronics	 ﾠwith	 ﾠphotonics.	 ﾠFront-ﾭ‐end	 ﾠ
integration	 ﾠwhere	 ﾠthe	 ﾠelectronics	 ﾠand	 ﾠphotonics	 ﾠare	 ﾠformed	 ﾠside	 ﾠby	 ﾠside	 ﾠon	 ﾠthe	 ﾠsame	 ﾠwafer	 ﾠoffers	 ﾠ
the	 ﾠprospect	 ﾠof	 ﾠthe	 ﾠbest	 ﾠperformance,	 ﾠhowever	 ﾠthe	 ﾠcost	 ﾠand	 ﾠcomplexity	 ﾠare	 ﾠhigh	 ﾠand	 ﾠintegration	 ﾠ
density	 ﾠ low.	 ﾠ A	 ﾠ back-ﾭ‐end	 ﾠ approach	 ﾠ where	 ﾠ the	 ﾠ photonic	 ﾠ components	 ﾠ are	 ﾠ formed	 ﾠ using	 ﾠ process	 ﾠ
temperature	 ﾠlow	 ﾠenough	 ﾠto	 ﾠnot	 ﾠdamage	 ﾠthe	 ﾠpre-ﾭ‐fabricated	 ﾠelectronics	 ﾠcan	 ﾠbe	 ﾠused,	 ﾠhowever,	 ﾠthe	 ﾠ
performance	 ﾠof	 ﾠthe	 ﾠphotonic	 ﾠcomponents	 ﾠformed	 ﾠin	 ﾠthis	 ﾠway	 ﾠare	 ﾠgenerally	 ﾠinferior.	 ﾠA	 ﾠback-ﾭ‐end	 ﾠ
wafer	 ﾠbonding	 ﾠapproach	 ﾠcan	 ﾠbe	 ﾠused	 ﾠto	 ﾠaffix	 ﾠpre-ﾭ‐processed	 ﾠelectronics	 ﾠand	 ﾠphotonics	 ﾠwafers,	 ﾠthe	 ﾠ
performance	 ﾠof	 ﾠthe	 ﾠresultant	 ﾠelectrical	 ﾠconnections	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠwafers	 ﾠand	 ﾠthe	 ﾠyield	 ﾠof	 ﾠthe	 ﾠ
bonding	 ﾠprocess	 ﾠrequire	 ﾠconsideration.	 ﾠFlip	 ﾠchip	 ﾠand	 ﾠwire	 ﾠbonding	 ﾠcan	 ﾠalso	 ﾠbe	 ﾠused,	 ﾠhowever,	 ﾠthe	 ﾠ
parasitic	 ﾠcapacitance	 ﾠand	 ﾠinductance	 ﾠintroduced	 ﾠby	 ﾠthese	 ﾠapproaches	 ﾠcould	 ﾠdegrade	 ﾠand	 ﾠlimit	 ﾠthe	 ﾠ
performance	 ﾠ to	 ﾠ some	 ﾠ extent.	 ﾠ A	 ﾠ 10Gbit/s	 ﾠ wire	 ﾠ bond	 ﾠ integrated	 ﾠ silicon	 ﾠ photonic	 ﾠ transmitter	 ﾠ and	 ﾠ
receiver	 ﾠhave	 ﾠbeen	 ﾠpresented	 ﾠin	 ﾠthis	 ﾠwork.	 ﾠFurthermore	 ﾠa	 ﾠ25Gbit/s	 ﾠwire	 ﾠbond	 ﾠintegrated	 ﾠphotonic	 ﾠ
link	 ﾠhas	 ﾠbeen	 ﾠdemonstrated	 ﾠin	 ﾠthe	 ﾠliterature.	 ﾠ
Carrier	 ﾠdepletion	 ﾠbased	 ﾠsilicon	 ﾠoptical	 ﾠmodulators	 ﾠremain	 ﾠa	 ﾠstrong	 ﾠcandidate	 ﾠfor	 ﾠuse	 ﾠin	 ﾠthe	 ﾠgrowing	 ﾠ
number	 ﾠ of	 ﾠ short	 ﾠ reach	 ﾠ photonic	 ﾠ applications	 ﾠ and	 ﾠ possibly	 ﾠ even	 ﾠ some	 ﾠ longer	 ﾠ reach	 ﾠ links.	 ﾠ Novel	 ﾠ
design	 ﾠfeatures	 ﾠare	 ﾠcontinuously	 ﾠbeing	 ﾠintroduced	 ﾠwhich	 ﾠare	 ﾠyielding	 ﾠon	 ﾠgoing	 ﾠimprovements	 ﾠin	 ﾠthe	 ﾠ
device	 ﾠperformance.	 ﾠWith	 ﾠthe	 ﾠsignificant	 ﾠworldwide	 ﾠresources	 ﾠnow	 ﾠdevoted	 ﾠto	 ﾠresearch	 ﾠin	 ﾠthis	 ﾠarea	 ﾠ
it	 ﾠis	 ﾠclear	 ﾠthat	 ﾠthere	 ﾠis	 ﾠmore	 ﾠto	 ﾠcome	 ﾠfrom	 ﾠthe	 ﾠcarrier	 ﾠdepletion	 ﾠsilicon	 ﾠoptical	 ﾠmodulator	 ﾠinto	 ﾠthe	 ﾠ
future.	 ﾠ
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